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ABSTRACT 
The development of amylase activity in de-embryo- 
nated maize kernels was realized as a function of incuba¬ 
tion. Similar time course patterns of activity development 
were obtained from gibberellic acid (GA^)-treated de-em- 
bryonated kernels and for endosperms dissected from germ¬ 
inating whole kernels. Chromatographic analysis of reaction 
products, as well as physicochemical characterization demon¬ 
strated that the activities from GA^-treated and non-treated 
j 
tissue were comparable and that part of the activity was due 
to alpha-amylase. 
Concomitant with and correlating well with the increase 
in activity was the appearance of a number of starch-de¬ 
grading bands as evidenced by polyacrylamide gel electro¬ 
phoresis. Actinomycin-D (20 ug/ml) and cycloheximide (5 ug/ml) 
vi 
when present in the incubation medium at early periods were 
capable of both inhibiting the development of amylase activ¬ 
ity and preventing the appearance of the complement of 
starch-degrading bands. 
These results demonstrated that the development of 
alpha-amylase activity in de-embryonated maize kernels was 
independent of an embryo or an exogenous source of gibber- 
ellic acid and suggests that this process involves de novo 
protein synthesis. 
An enzyme extract prepared from incubated, de-embryo- 
nated maize kernels was resolved into three major amylase 
activities (I, II and III) by ion exchange chromatography 
on DEAE-cellulose. Polyacrylamide gel electrophoresis 
verified that separation had been achieved. 
On the basis of several criteria, it seems reasonable 
to conclude that one of the activities is a beta-amylase 
(I, EC 3*2.1.2.) and two (II and III) are alpha-amylases 
(EC 3*2.1.1.). Fraction I activity was completely inacti¬ 
vated by low concentrations of HgCl (10~5 M) and was not 
2 
protected by Ca++.(10-5 M CaCl2) against heat inactivation 
(70 C, 15 min). In almost all respects, activity II appeared 
to be an alpha-amylase, yet it was very sensitive to HgCl2 
treatment. Activity III exhibited properties typical of 
classical alpha-amylase. Thermal stability was afforded by Ca++ 
for activities II and III but similar treatment at 70 C 
• • 
VI1 
for 15 min completely inactivated activity I. Extended 
-2 
dialysis against 10 M EDTA resulted in an irreversible 
loss in fraction II and III activities. Starch hydrolysis 
catalyzed by fraction I activity resulted in a single pro¬ 
duct, maltose, typical of beta-amylolysis, whereas activi¬ 
ties II and III resulted in reaction products characteristic 
of plant alpha-amylolysis. 
Optimal enzymatic activity occurred at a pH of 4.7, 
4.25 and 5*15 for I, II and III activities. The Michaelis 
constants (Km) were 5.0, 2.2 and 18.2 X 10"5 g of soluble 
starch per ml with temperature optimas of 50, 35 and 55* 
C for the respective activities. The energies of activation 
(E ) for the temperature range of 10 to 20 C were respec- ^ * 
tively 11.4, 16.0 and 12.2 Kcal per mole. 
Further analysis by isoelectric focusing gave PI 
values of 4.55 and 4.95 for activities I and II respec¬ 
tively. However, activity III was separated into two enzy- 
matically active components with isoelectric pH of 4.30 
and 5.05 and each possessed distinct and different phys¬ 
icochemical properities. 
To the best of my knowledge, this is the first report 
demonstrating the presence of major alpha-amylase activity 
in a de-embryonated cereal grain system devoid of an exog¬ 
enous source of gibberellic acid. 
I 
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INTRODUCTION 
In view of the importance of amylolytic hydrolysis of 
reserve carbohydrate in germinating cereal grains, a study 
of the nature of the amylase enzymes associated with the 
germinating grain is of interest and will further contri¬ 
bute to the understanding of the complex process of germin¬ 
ation. 
The separation of electrophoretic variants of both 
alpha- and beta-amylases has led to the speculation that 
the amylase enzymes may function cooperatively in the 
germinating grain to completely degrade the starch reserves, 
The appearance of these amylase enzymes results from an 
integration of biochemical control mechanisms which in¬ 
clude RNA and protein synthesis, hormonal interaction and 
enzyme activation. These biochemical events observed during 
germination have mainly been elucidated for barley. The 
need for a more detailed study of these functions in con¬ 
trolling the respective amylase activities in maize is 
essential in developing a better understanding of their 
in situ behavior and contribution to the process of starch 
degradation in the germinating seed. 
This investigation is concerned with the occurrence 
and development of amylase enzymes in the maize kernel and 
2 
the nature and properties of the respective activities. 
Thus, the study will essentially be divided into two phases: 
1) The description of the appearance and requirements 
for the development of the amylase enzymes. 
2) The Isolation and characterization of the respec¬ 
tive amylase activities. 
The data from such a study should reveal the require¬ 
ments for the development of the respective activities, as 
well as the physiological significance for the multiple 
forms of amylase appearing in this tissue. With information 
as to the types and properties of the enzymes, as well as 
the in vitro activities and the factors affecting the activ¬ 
ities, it should be possible to predict their in situ role 
in starch degradation during maize germination. 
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LITERATURE REVIEW 
I. Alpha- and Beta Amylases 
A. Classification, The definition of amylases has 
been used to include all enzymes capable of splitting 
glycosidic linkages of starch molecules, ie.a-glucan-ases. 
This study is confined to the two major starch degrading 
enzymes associated with the maize kernel, a-amylase and 
0-amylase (7). Both enzymes catalyze the hydrolysis of 
an a-l,4-linked glucose polymer by transferring a glucosyl 
residue to water. a-Amylase, which is defined as an 
endo, a-l,4-glucan 4-glucanohydrolase (EC 3.2.I.I.), at¬ 
tacks the starch molecule randomly at most internal bonds 
and releases a number of different-sized products all pos¬ 
sessing the a-configuration (10,14,42). 0-Amylase, on the 
other hand, is described as an exo, a-l,4-glucan malto- 
hydrolase (EC 3.2.1.2J and attacks alternate linkages from 
the nonreducing end of a starch substrate yielding a single 
product with the 0-configuration, maltose (11,42). 
B, Importance. The amylases serve the major function 
of solubilizing or digesting the reserve starch which is 
stored in the endosperm of the cereal grain and thus making 
food available, in the form of sugars, to the growing embryo 
i 
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during germination, a- and P-amylases are responsible for 
the bulk of the starch hydrolysis in the cereal endosperm (7). 
Other.hydrolytic enzymes, Z, D, and R-enzymes (7»l4), that 
cleave the a-1,6-glucosidic linkages provide relatively 
small amounts of soluble carbohydrates. 
C. Factors Affecting the Appearance and Development 
of Amylases. 0-Amylase, unlike a-amylase is restricted to 
the plant kingdom and more specifically is synthesized only 
in the seed or sweet potato root (42). The enzyme is stored 
in ungerminated cereals in an insoluble and inactive form. 
The region between the aleurone and endosperm in barley seeds 
contains most of the enzyme while the aleurone is almost de¬ 
void of amylase (8), In ripening barley seeds (38,42) the 
soluble form, detectable early in the ripening period, de¬ 
creased to a low level as the seeds dried. The insoluble 
zymogen form gradually increased to its maximum level during 
the latter stages of ripening. The accumulation of zymogen 
0-amylase parallels the synthesis of the insoluble proteins, 
hordein and glutenin in the barley grain (42). Rowsell and 
Goad (34) had shown earlier that the zymogen 0-amylase is 
associated with the glutenin fraction and not with the starch 
granules. Although no similar studies have been conducted 
for maize, it may be reasonable to suggest that 0-amylases 
of maize are associated with the major storage proteins zein and 
< 
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glutelin (16), as well as possibly being associated with 
the starchy endosperm. 
3-Amylase, which exists in the ungerminated barley grain 
as a zymogen, can be activated by treatment with papain and 
with reducing agents (20). In wheat, 3-amylase exists in 
the starchy part of the endosperm in a protein-bound form 
(33)• During germination, the amount of bound or zymogen 
3-amylase decreases and the amount of free-3-amylase in¬ 
creases (26), The zymogen of barley and wheat can be con¬ 
verted to the fully active form by combined treatment with 
proteases and thiol reagents or it can be partially acti¬ 
vated by either treatment (42). 
Recent data suggest that sulfhydryl groups in 3-amylase 
play a role in regulating enzymatic activity but are not 
directly involved in substrate catalysis or binding (36). 
Physical and chemical studies have revealed that a small 
conformational change accompanies thiol modification which 
profoundly depresses activity without substantially altering 
substrate affinity (37). The effects are in proportion to 
the size of the modifying group. Oxidation of the thiol 
groups to a mixed disulfide inhibited the enzyme but activ¬ 
ity could be regenerated by reduction with cysteine (37). 
Thus, it was speculated that the role of thiol groups is 
control of in vivo activity. Oxidation of thiol groups is 
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the mechanism which allows the plant to store the enzyme as 
an inactive zymogen (36). The enzyme may be activated when 
demands are made on the energy reserves during germination. 
Activation may be achieved by a combination of sulfhydryl 
proteases similar to the plant proteases papain, ficin and 
bromelain and a disulfide reductase reportedly present in 
seeds (42). 
In contrast to 3-amylase, a-amylase is absent from the 
mature, ungerminated cereal grain (7#13) and is synthesized 
de novo during germination (42). In barley, synthesis is 
initiated by the plant hormone, gibberellic acid and is an 
important facet of the biological function of the hormone 
(3»21,22,28,29#48,49). A series of studies carried out by 
Varner and co-workers (48,49) have conclusively demonstrated 
that synthesis of a-amylase in either embryoless barley half¬ 
seeds or isolated aleurone layers occurs in response to ex¬ 
ogenous additions of gibberellic acid (GA3). Haberlandt (15) 
showed that in rye, the secretion of amylase was stimulated 
by substances produced by the germinating embryo. Radley 
(32) showed that the embryo factor responsible for increased 
a-amylase activity in barley endosperm was a gibberellin- 
like substance similar to GA^ and GA1# It was further shown 
by Paleg at al, (30) that the release of reducing sugars from 
endosperms of barley was proportional to the logarithm of 
7 
applied GA^ concentration. Thus, during barley germination 
the embryo produces gibberellins which migrate to the aleu- 
rone layer where the synthesis and secretion of a-amylase 
occurs. The product(s) resulting from the action of the 
amylases on the starch endosperm are absorbed by the scutel- 
lum and furnish(es) the necessary energy for the developing 
seedling. 
Gibberellic acid (GA^) also controls the appearance of 
0-amylase (19) by inducing the synthesis of protease in the 
aleurone layer with subsequent release into the endosperm. 
Increase in the level of free P-amylase then results from 
the ensuing proteolysis which releases it from its inactive, 
zymogen state. 
Although it is generally accepted that gibberellic acid 
enhances amylase production in barley there is little in¬ 
formation concerning the maize kernel system. An early in¬ 
vestigation of the biochemical events occurring during ger¬ 
mination resulted in the suggestion that the maize endosperm 
was capable of autodigestion of its reserve starch (44). It 
was suggested by Bernstein (2) that the amylases of maize 
had separate origins within the kernel, a-amylase arising 
from the embryo and 0-amylase being formed in situ in the 
endosperm. It was later found that the presence of an 
embryo was required for a-amylase production in the germinating 
8 
maize kernel (7). Further evidence by Ingle and Hageman 
(18) suggested that additions of gibberellic acid (GA^) 
were essential for starch digestion in de-embryonated 
maize kernels. Recently (17) preliminary results were in¬ 
terpreted as indicating that maize endosperm tissue is 
capable of autolysis of reserve starch without an embryo 
factor or added GA^. It has been suggested (17) that 
gibberellic acid is involved in the development of a-amy- 
lase in maize and that GA^ additions are required to over¬ 
come the inhibition of development of a-amylase by ab- 
scisic acid. 
D. Molecular Variants and Genetic Control. Evidence 
for multiple molecular forms of both a- and 3-amylases, in 
which the enzymes within these two classes differ only in 
electrophoretic behavior, is becoming a common finding and 
the term isozyme or isoenzyme has been used to describe 
them. Isozymes of amylase have been reported for barley 
(12,20,25,29,38,41), rice (41) and wheat (26,27,45). Such 
amylase isozymes ahve been described for the maize kernel 
as evidenced by polyacrylamide and starch-gel electropho¬ 
resis (9,35). 
The genetic control mechanisms underlying the multi¬ 
plicity of starch degrading enzymes in maize have been 
studied by Finnegan (9) and Chao and Scandalios (4,5). 
9 
These genetic studies depended upon finding structural 
mutants of both a- and {3-araylases which were easily iden¬ 
tified by conventional techniques (i.e., electrophoretic 
and physicochemical). Finnegan (9) reported the mono¬ 
genic inheritance of a maize amylase, designated Sd, 
using maize stocks of different genetic origins than 
those of Chao and Scandalios (4,5). Finnegan (9), using 
whole kernels harvested 35 days after pollination, de¬ 
scribed two types of banding activities. One showed a 
single clear band and was identified as an a-amylase and 
the other giving three rust colored bands was described 
as a 3-amylase. The a-amylase in all progeny and crosses 
analyzed yielded a single clear starch-degrading band. 
However, the three slow migrating electrophoretic variants 
described for 3-amylase were each found to be controlled 
by a single allele and the heterozygote demonstrated two 
bands corresponding to its two alleles but no hybrid bands 
were produced. Chao and Scandalios (4) described three 
starch degrading enzymes isolated from the liquid endo¬ 
sperm of developing maize kernels and identified them as 
a-amylase (zone 1), 3-amylase (zone 2) and a-glucan phos- 
phorylase (zone 3). The results of genetic crosses with 
respect to zone 2 3-amylase showed that it was controlled 
by two codominant alleles at one genetic locus, Amy-2A, a 
10 
slower migrating electrophoretic variant and Amy-2B, a 
faster variant, acting without dominance. The results of 
zymogram analysis also suggested each variant represents 
one type of monomer and the heterozygbte possesses the 
two distinct parental monomers with both being enzymati¬ 
cally active. They (5) later detailed the genetic analy¬ 
sis of zone 1 (a-amylase). Similar to their findings on 
Amy-2, Amy-1 was found to be controlled by a pair of co¬ 
dominant alleles, but occurring at two different loci and 
were shown not to be linked. Findings of an aberrent 
segregation of the maize Amy-1 amylases led to the dis¬ 
covery of the differential allelic expression at this lo¬ 
cus, which is both age and tissue dependent. In the en¬ 
dosperm tissue of germinating seedlings two types of gene 
dosage effects were deduced* 1) gene dosage may be addi¬ 
tive, and 2) gene dosage effects directly result in the 
preferential expression of one of the two alleles. In 
fact, the gene dosage effects in the triploid tissue ap¬ 
peared to be so decisive for the Amy-1 (a-amylase) pheno¬ 
type that it caused the heterozygote (A1 x B1) to resemble 
homozygote A1 and the F2 segregation of Amy-1 to deviate 
significantly from the monogenic segregation ratio. The 
two allelic products of Amy-1 were identical in molecular 
weight and antigenic specificity but differed in their 
electrophoretic mobility and isoelectric pH*s (5). 
i 
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E. Isolation and Purification of Amylases. Fraction¬ 
ation of multiple forms of amylases is invariably achieved 
by electrophoresis (4,5»6,9#12,23*24,47,48,49), ion-exchange 
chromatography (6,25*40,43), and/or isoelectric focusing 
(5*26,27)* pointing to a charge difference between or among 
the isozymes. The level of acidic amino acids appears to be 
solely responsible for the differences in migration rates 
(6,24), since no significant differences were found for any 
other amino acids. Failure to interconvert multiple forms 
or implicate preparation artifacts inferred that the dif¬ 
ference among the isozymes was due to differences in genetic 
origin. This supposition was strongly supported by demonstra¬ 
ted differences in amino acid composition and in tryptic 
maps (24), as well as, genetic analysis (4,5,9,35). 
Electrophoretic analysis proved very useful in studying 
the complement of amylase enzymes present in the maize ker¬ 
nel (4,5,9) and may be used to monitor the complement during 
and after purification as a means of verification of homo¬ 
geneity (6,24). 
Column chromatography has been employed with good re¬ 
sults in isolating individual amylase activities from a 
heterogeneous enzyme preparation. Lee and Unrau (23) used 
gel filtration chromatography on Sephadex G-50 to isolate 
amylases from an extract prepared from Triticale. 
12 
Ion-exchange chromatography has also been successfully em¬ 
ployed to resolve amylase enzymes# especially from extracts 
of barley, into multiple molecular forms of a- and 0-amylase 
(6,25.40,43). 
The multiple forms of 0-amylase reported for cereal 
grains (34) have generally been explained as being arti- 
factual since extraction with proteases and disulfide reduc¬ 
tion is likely to result in variations in molecular size and 
activity (42). However, avoiding use of proteases and re¬ 
ducing agents, but using buffered saline extracts and ion- 
exchange chromatography, Tipples and Trachuk (43) success¬ 
fully resolved 3 major and 2 minor 0-amylases from wheat. 
Genetic work done with maize show that multiple forms of 
0-amylase do exist and are not artifacts of preparation 
but are a result of codominant alleles occurring at a single 
genetic locus (4,9). 
The extremely high resolving power of the technique of 
isoelectric fractionation lends itself for use in separating 
amylase variants having very similar properties as was 
demonstrated for the Amy-1 a-amylases from maize (5). 
F, Characterization of Amylases. 
1. Physicochemical Characterization. Physical and 
chemical properties have often been used to differentiate 
a-amylase from 0-amylase (4,5,9,10,11,12,13,14,20,38,39,41,47). 
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Most of these techniques take advantage of the fact that 
a-amylases are calcium-proteins and 3-amylases are sulf- 
hydryl enzymes (11,14,36,37*40). a-Amylase is insensitive 
2+ 
to high temperatures and heavy metal ions, requires Ca 
for activity, and is inactivated at low pH (42). All 
plant a-amylases, as well as animal amylases appear to con¬ 
tain calcium and its removal results in both reversible and 
irreversible inactivation or in great loss of thermal 
stability (10). High concentrations of calcium also retard 
thermal inactivation at temperatures above 50 C, particular¬ 
ly for cereal a-amylases which bind calcium weakly (42). 
24* 
Loosely bound Ca is easily removed by dialysis against 
chelating agents such as (ethylenedinitrilo)tetraacetic acid 
(EDTA) (46). Based upon these observations two roles have 
been relegated to calcium; first, it dramatically stabilizes 
the compact architecture of the molecule and, second, it 
helps to maintain an enzymatically active conformation (10). 
3-Amylase, on the other hand, is sensitive to high 
2+ 
temperatures and is not afforded protection by Ca , is 
2*f* 24* 
sensitive to traces of heavy metal ions, such as, Hg , Cu 
24* 24* 
and Pb , does not require Ca for activity, and is stable 
24* 
at low pH (42). In general, Hg is a more effective in- 
24* ?4‘ 
hibitor than Cu or Pb . Inhibition has generally been 
ascribed to modification of sulfhydryl groups but invariably 
this explanation is speculative (42). 
I 
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Enzymatic differences between the two classes of amy¬ 
lase are also used as a means of characterization. One 
enzymatic characteristic frequently used is the dissimi¬ 
larity of end products of amylolytic hydrolysis (5,14,20, 
40,42). 
2. Kinetic Analysis. Enzyme stability and cata¬ 
lytic efficiency are pH-dependent parameters of amylases 
that attract the greatest attention, A good review of the 
effects, of hydrogen ion concentration on amylases is pre¬ 
sented by Thoma et al.(42) and Fischer and Stein (10). 
Cereal a-amylases exhibit optimal activities between pH 5 
and 6 and undergo rapid, irreversible inactivation below 
pH 5 (14). Barley malt a-amylase has a pH stability range 
of 5 to 6 with an optimum pH of 5.6 (1), which is similar 
to the optimum activity pH of 5.3 to 5.9 for pea cotyledon 
a-amylase (39). The pH optimum for P-amylases of barley 
(4.5 to 5.0) (1), sweet potato (4 to 5) (1), and wheat 
(4.6 to 5.2) (45) are all quite similar. Comparable pH 
kinetic studies for the amylases of maize have not been 
presented. The pH stability of an amylase is subject to a 
number of factors including salt concentration, salt com¬ 
position, and protein concentration (42). Calcium salts 
have been shown by Fischer and co-workers (10) to have 
15 
2+ 
profound effects on the stability of amylases. The Ca -free 
enzyme has a much narrower pH stability range.(10). 
In an attempt to evaluate the activation energy for 
amylase-catalyzed reactions, some workers have employed 
Arrhenius plots of activity (l4,23>31>42). Curvature of the 
plots has frequently been observed (23>42) and has been in¬ 
terpreted as a decrease in activation energy with increas¬ 
ing temperature. Ea values of 14± 2 Kcal are usually found 
at about 10 C decreasing to a few kilocalories around 40 to 
50 C (14). Repeated observation of curvature of Arrhenius 
plots under widely different conditions probably means that 
part of the decrease in activation energy with rising tem¬ 
perature is real but part is probably a result of an in¬ 
crease in the dissociation constant of the enzyme-substrate 
and part, the result of enhanced denaturation rates (42). 
Although the general structure of starch is established, 
little is known with regard to the fine structure and molec¬ 
ular weight and number of residues between branch points for 
the molecule of a particular tissue and in many instances has 
yielded conflicting results. As a consequence, the deter¬ 
mination of Km values for amylases invariably results in 
the use of substrates of known composition and commonly, a 
soluble starch substrate is used (23>39). Values reported 
for the Michealis-Menten constant are generally in the range 
16 
-4 -3 
of 2x10 to 5x10 J grams of soluble starch per ml (1,10, 
11,14,23.39). 
Another parameter used as a characterizing feature to 
distinguish among the amylases of a heterogeneous prepar- 
. C 
ation is the isoelectric pH. Isoelectric pH as deter¬ 
mined by the isoelectric focusing technique have been re¬ 
ported for barley 0-amylases (26,27) and for maize a-amy- 
lase (5). Nummi and co-workers (27) showed that a crude 
enzyme extract containing at least 4 0-amylases of dif¬ 
ferent molecular size by immunologically identical could 
be resolved into 4 distinct activity peaks with their own 
distinctive PI s (in the range of 5.0 to 5.4). With a 
maize kernel amylase extract purified by ethanol fraction- 
ation, Chao and Scandalios (5) separated the Amy-IA and 
Amy-IB a-amylases by isoelectric fractionation. The PI 
values obtained were 4.65 and 4,35 respectively. 
The following papers will report on the development 
of amylolytic activity acompanying incubation of embryo- 
sectomized Zea mays kernels. The study was directed to 
the determination of the requirements for activity devel¬ 
opment as well as the determination of the complement of 
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PART I 
THE OCCURRENCE AND DEVELOPMENT OP AMYLASE ENZYMES 




The development of amylase activity from de-embryo- 
nated maize kernels was realized as a function of incubation. 
Similar time course patterns of activity development were 
obtained from gibberellic acid (GA^)-treated de-embryona- 
ted kernels and for endosperms dissected from germinating whole 
kernels. Chromatographic analysis of reaction products as 
well as physicochemical characterization demonstrated that 
the activities from GA-.-treated and non-treated tissue were 
o 
comparable and that part of the activity was due to alpha- 
amylase. 
Concomitant with and correlating well with the increase 
in activity was the appearance of a number of starch-de¬ 
grading bands as evidenced by polyacrylamide gel electro¬ 
phoresis. Actinomycin-D (20 ug/ml) and cycloheximide (5 ug/ml) 
when present in the incubation medium at early periods of 
Incubation were capable of both inhibiting the development 
of amylase activity and preventing the appearance of the 
complement of starch-degrading bands. 
These results demonstrated that the development of 
alpha-amylase activity in de-embryonated maize kernels was 
independent of an embryo or an exogenous source of gibber¬ 
ellic acid and suggests that this process involves de novo 
protein synthesis. 
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Amylolytic activity is readily extracted from the 
endosperms of developing maize kernels (5, 11). Both 
alpha- and beta-amylases have been reported as being 
responsible for this activity (3, 5» 8). In an early work 
(2), it was suggested that alpha- and beta-amylases had 
separate origins in the maize kernel. It was proposed that 
°<-amylase is inherited as an embryo characteristic while 
the inheritance of j0-amylase is a maternal characteristic 
and is formed in situ in the endosperm. In the mature 
resting grain however, it has generally been concluded that 
y5-amylase, which originates in the endosperm, is the only 
amylase present (5» 11). 
The development of amylolytic activity accompanying 
germination of cereal grains is mainly due to increased pro¬ 
duction of <x-amylase (5, 11). These reports (5, 11) de¬ 
scribe the absolute dependence of ^-amylase production on 
some embryonic tissue (embryonic axis and/or scutellum). 
Ingle and Hageman (11) further concluded that gibberellic 
acid is essential for the complete hydrolysis of starch 
in the mature maize kernel. As a consequence of these works 
(5, 11) and the elaborate investigations done with barley 
(13* 16, 21), gibberellic acid has been characterized as 
being the embryonic factor responsible for the development 
of c*-amylase. 
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A general concept has been expanded to include most 
cereal grains in which during germination, gibberellins 
produced by the embryo migrate to the aleurone layer where 
de novo synthesis of c<ramylase and protease occurs (7, 12)* 
These enzymes are secreted into the starchy endosperm 
where c>(-amylase dissolves the reserve starch and where 
protease is believed to liberate inactive ^-amylase. 
Although most of the work detailing the nature of 
amylase production is from research done with barley, some 
of the findings have generally been accepted as also being 
true for maize. This application generally followed with 
a lack of substantiating data necessary to fully describe 
the events of amylase production in maize. 
In this report we describe the development of amylase 
activity in maize kernels and examine the extent to which 
the embryo and gibberellic acid are involved. We also re¬ 
port the effect of RNA and protein synthesis inhibitors 
on this development. 
MATERIALS AND METHODS 
Plant Material. Seed of Seneca Chief sweet corn (Zea 
flays L.) was purchased from the Joseph Harris Seed Company 
(Rochester, New York). 
i 
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Tissue Preparation* Ears from field grown plants were 
harvested 60 days after pollination* The kernels were 
separated from the ear and the embryos excised intact 
with a scalpel, rinsed with distilled water, air dried 
and stored along with the de-embryonated kernels in a 
humidity chamber (75$ relative humidity) in the cold 
(4 C). 
The dry kernels as obtained commercially were phys¬ 
ically de-embryonated using a file and a scalpel and sim¬ 
ilarly stored. 
9 
Tissue Incubation. Kernels obtained commercially were 
either incubated whole or as de-embryonated kernels. Em¬ 
bryos and de-embryonated kernels prepared from the 60-day 
i 
field-grown material were also incubated. Whole and de- 
embryonated kernels were surface sterilized for 15 min in 
a 1$ (w/v) aqueous hypochlorite solution. After rinsing 
thoroughly with ten changes of sterile, deionized water, 
the tissue was placed asceptically in 9 cm Petri plates 
containing 8 ml of an aqueous incubation medium containing 
40 fig Penicillin G and 2.4 jxg Streptomycin sulfate. The 
tissue was incubated at 30 C in the dark. 
Enzyme Extraction. Enzyme extracts were prepared by homog¬ 
enizing the sample and any remaining incubation medium with 
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2 ml of 0.05 M Tris-HCl buffer, pH 7.6 for 2 min using a 
■Virtis 45* homogenizer* The homogenate was centrifuged 
for 10 min at 20,000xg and the supernatant fraction col¬ 
lected. The pellet was resuspended in an additional 4 ml 
Tris buffer and centrifuged as before. The combined super¬ 
natants were decanted through three layers of cheesecloth 
and adjusted to a volume of 22 ml. 
Enzyme extracts were prepared from the following tissues: 
1) The filed, incubated, de-embryonated kernel. 
2) Incubated, de-embryonated kernels from 60- 
day field pollinated material. 
3) The intact germinating kernel, divided into 
the embryo with developing root and shoot, was prepared 
separately from the remaining tissue and the resulting two 
were assayed individually. 
Enzyme Assay. Total amylase activity was routinely assayed 
by the method of Bernfeld (l). The complete reaction mix¬ 
ture contained 3*9 ml of 0.05 M acetate buffer, pH 5.0, 
1.0 ml of a 2% Merck soluble starch (prepared according to 
Lintner) solution and 0.1 ml of enzyme. (The volumes of 
buffer and enzyme were adjusted according to the activity 
of the sample so as to maintain a constant volume of 5 ml). 
After 5 and 10 min of incubation at 30 C, 1.0 ml aliquots 
28 
vere withdrawn from the reaction mixture and added to 
3 ml of 3, 5-dinitrosalicylic acid reagent. Reducing 
power was estimated spectrophotometrically at 573 nm 
according to Sumner ert al. (18). 
Standard curves using maltose were prepared and enzyme 
activity was expressed as mg maltose released per unit 
time. 
Protein Determination. Protein was estimated using the 
Folin-Ciocalteu reagent according to the method of Lowry 
et al. (15) with bovine serum albumin as a standard. 
Reaction Products. Amylase reaction products were deter¬ 
mined using a partially purified enzyme preparation. The 
crude enzyme extract was made 66% with respect to acetone. 
After thorough mixing, the aqueous acetone solution was 
stored at -10 C for 20 min to allow for flocculation of 
material which was then sedimented by centrifugation at 
35*OOOxg for 15 min. The supernatant fraction was discard¬ 
ed and the pellet resuspended in 1 to 2 ml of 0.05 M Tris- 
H01 buffer, pH 7.6, and served as the source of enzyme in 
the standard reaction mixture. Aliquots were withdrawn at 
intervals of increasing reaction time and boiled for 5 min 
to inactivate the enzyme. They were then cooled, stoppered 
and stored frozen (-10 C) until analyzed. One-hundred /il 
( 
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were spotted on strips of Whatman No, 1 chromatography 
paper and the chromatograms developed with H20-95# EtOH- 
nitromethane (21:44:35) for 14 hr by descending flow. The 
reaction products were visualized according to the method 
of Robyt and French (17) by dipping the papers first in a 
solution containing 0,1 ml saturated AgNO^ in 20 ml of 
acetone. After drying, the papers were dipped in a second 
solution containing 0,1 ml of 10 N NaOH in 100 ml of 95# 
EtOH. 
Electrophoresis, Analytical polyacrylamide gel electrophore¬ 
sis was employed to study the complement of starch-degrad¬ 
ing enzymes present in the enzyme extracts, A modified 
procedure of Davis (4) was used in which 20 ml of an 8# 
gel solution was prepared to include 2.5 ml of 4# starch 
(for iodometry). Gels were cast into glass tubes and run 
vertically at 3 mA/tube at 4 to 6 0 for approximately 1 hr 
until the bromophenol blue marking dye migrated to the 
anodic end of the tube. The gels were extruded from the 
tubes, incubated for 40 min in a 4# soluble starch solution 
(for iodometry) at room temperature and stained with iodine 
(12 g KI and 1.2 g Ig per liter). Areas of amylase activity 
appeared as clear zones against a dark blue background. 
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RESULTS 
Incubation Studies. The time course development of amylase 
activity in de-embryonated maize kernels is shown In Pig. 1. 
After a slow initial rise, the level of activity dramat¬ 
ically increased between three and five days after initi¬ 
ation of incubation and continued to increase up to 10 days 
of Incubation, the duration of the experiment. Since all the 
embryo had presumably been removed prior to incubation, this 
increase in activity was suprising unless due only to (9- 
amylase activity. During physical removal of the embryo 
from the kernel a noticeable difference in texture between 
the soft embryo and the horny endosperm starch surrounding 
the embryo was observed and used as the criterion that no 
residual embryonic tissue remained. As added proof that the 
time course development of amylase activity was independent 
of the presence of an embryo, kernels were obtained from 
field grown material 60 days after pollination. At this 
time, the kernels were sufficiently soft to allow the re¬ 
moval of the whole, intact embryos with the aid of a scal¬ 
pel. These de-embryonated kernels were incubated and the 
development in activity monitored. The initial rate was 
somewhat slower than for the tissue prepared from dry 
kernels but a sharp increase in activity occurred after 
Figure 1• Time Course Development of Amylase 
Activity in Incubated, De-embryonated 
Maize Kernels. 
De-embryonated kernels were incubated at 30 C. 
At the respective time periods a crude enzyme extract 
was prepared and amylase activity determined as de¬ 
scribed under Materials and Methods. 
I 
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4 to 6 days and the absolute level of activity attained 
in both tissues was comparable (Pig. 2). 
It has been demonstrated in some cultivars of maize 
(11) that the presence of gibberellic acid Is necessary 
(an obligate requisite) for the development of c><-amylase 
activity. In barley endosperm this hormone appears to con¬ 
trol the appearance of ^3-amylase (12). It was of interest to 
determine the effects of gibberellic acid (GA ) on our 
de-embryonated tissue system. Figure 3 shows that although 
after 4 days of incubation, the presence of 1 ,uM GA^ in the 
incubation medium resulted in some 4-fold greater activity 
compared to the non-treated tissue, this difference dimin¬ 
ished with increased time of incubation. After a total of 
8 days, the absolute level of activity in both tissues was 
very similar. 
GA^ has also been reported to cause the release of amy¬ 
lase activity from the tissue into the incubation medium 
(21). To test this effect, aliquots from the incubation 
medium for both treated and non-treated tissue were sampled 
during the course of incubation. No difference in the 
appearance of the amylase activity in the residual incu¬ 
bation medium between the GA^-treated and non-treated 
tissue (Pig. 3) was observed. 
To determine the type of amylolytic activity present 
Figure 2. Time Course Development of Amylase 
Activity in 60-day Old Incubated, 
De-embryonated Maize Kernels. 
Embryos were dissected from kernels 60 days 
after pollination. The de-embryonated kernels were 
then incubated at 30 C. At the respective time peri¬ 
ods, a crude enzyme extract was prepared and amylase 
























Figure 3. Effect of GA^ on the Time Course 
Development of Amylase Activity in 
Incubated, De-embryonated Maize 
Kernels. 
De-embryonated kernels were Incubated with 1 ^uM 
GA^ or as controls at 30 C. At the respective time 
periods, crude enzyme extracts were prepared and 
amylase activity determined. Aliquots of residual 
Incubation medium from both treatments were also 
assayed for amylase activity as described under 
























(i.e., alpha- or beta-), the products of the reaction 
catalyzed by the extracted amylases from the control and 
GA^-treated tissue were compared* The action patterns 
revealed by chromatographic analysis (Pig. 4) illus¬ 
trates the marked similarity between the treated and non- 
treated tissues. The GA -treated tissue produced maltose 
as well as higher glucose oligomers. It was anticipated 
that the non-GA^-treated tissue would produce only maltose, 
the product of beta-amylolysis. Unexpectedly, however, 
the control tissue, like the GA-^-treated tissue, produced 
a number of different-sized glucose oligomers, an anoma¬ 
lous phenomenon for an embryoless maize kernel system not 
receiving an exogenous source of gibberellic acid. 
Amylase activity was also observed in the endosperm 
tissue as well as the embryos which were dissected from 
intact, germinating kernels during incubation (Pig. 5). 
After 6 days of incubation, the level of activity in 
dissected endosperms was quite similar to that of the filed 
endosperms (92 vs. 105 mg maltose/endosperm/hr, Table l). 
The reaction product patterns produced by the activity 
isolated from endosperms dissected from germinating kernels 
were analogous to the patterns for both the GA,- and non- 
treated filed endosperms. This consistency of similar 
products for the respective time course incubation periods 
suggests that similar amylase activities are involved. 
Figure 4. Paper Chromatograms of Reaction Product 
Patterns of Amylase Activity from Non- 
treated and GA-^-treated Incubated, De- 
embryonated Maize Kernels. 
Acetone purified enzyme extracts were prepared 
from 2, 4, and 6-day incubated control and GA^-treated 
de-embryonated maize kernels as described under Mater¬ 
ials and Methods. Aliquots of enzyme were added to 
complete reaction mixtures which were equilibrated 
at 30 C. After 60 min 1.0 ml aliquots were withdrawn, 
boiled for 5 min to inactivate enzyme activity and then 
subjected to analysis by paper chromatography as de¬ 




Figure 5. Time Course Development of Amylase Activity 
in Endosperms and Embryos Dissected from 
Incubated Germinating, Whole Maize Kernels. 
Whole, intact kernels were Incubated at 30 C. 
At specified times embryos including developing roots 
and shoots were dissected from the germinating kernel* 
Crude enzyme extracts were then prepared from the em¬ 
bryo and endosperm tissues separately and their re¬ 
spective amylase activities determined as described 


























Table 1• Amylase Activity of Incubated Zea mays Kernels 
Incubation Condition 
Amylase Activity(l) 
mg maltose released/ 





Whole kernels separated 
into; 
a. endosperm 92 
b* embryo 40 
(1) Determined after a total of 6 days of incubation. 
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Polyacrylamide Gel Electrophoresis (PAGE) Analysis, Poly¬ 
acrylamide gel electrophoresis was employed to determine 
the complement of amylase enzymes present at different 
tiems during incubation of the de-embryonated kernels. 
Concomitant with and correlating well with the time course 
increase in activity was the appearance of a number of 
starch degrading bands as evidenced by PAGE using an 
activity stain (Pig. 6). Only two slow migrating bands 
were present at 1 through 3 days of incubation and corre¬ 
sponded to a low level of activity present during that 
time period (Pig. 1). However, at 4 days several addi¬ 
tional bands displaying greater mobility were evident and 
after 6 days the full complement of starch-degrading bands 
were realized. Since longer incubation did not result in 
an increase in the number of bands while it did produce 
Increases in activity, it seems reasonable that 
increases in the'amount(s) of one or more of the enzyme 
bands were responsible for the observed increase in activity. 
Physicochemical Characterization of the Amylase Activity. 
A number of physicochemical criteria have been used to 
differentiate alpha- from beta-amylases in maize (3, 5) 
and especially in barley (13, 17, 19, 21). A comparative 
analysis using some of these criteria was used to charac¬ 
terize the activities of de-embryonated kernels that were 
Figure 6. Polyacrylamide Gel Electrophoresis Zymo¬ 
grams of Starch-degrading Bands from the 
Time Course Development of Amylase Activity 
from Incubated, De-embryonated Maize Kernels. 
During the time course development of amylase 
activity crude enzyme extracts prepared from incu¬ 
bated, de-embryonated maize kernels were applied 
to Q% gels and electrophoresis performed as described 
under Materials and Methods, 
{ 
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Incubated for 3 and 6 days with or without GA^ (Table 2). 
Ca2* (CaCl^) added to a final concentration of 10M 
had little or no effect on the in vitro activity* This 
plus the fact that the amylase activity was almost com¬ 
pletely stable against heat treatment with or without 
added calcium suggests that the endogenous calcium level 
present in the crude extract was sufficient for the full 
expression and protection of that amylase activity norm¬ 
ally requiring calcium. The loss of some activity (9 to 
33$) by heat treatment is attributed to the heat sensi¬ 
tive ^-amylase activity that is not afforded protection 
by calcium ion. 
Although sulfhydryl groups are present inc*>amylases 
they are essential for the expression of ^-amylase activity 
(20). In this regard, the effects of heavy metal ions as 
well as thiol reagents are used to determine the involve¬ 
ment of free SH groups necessary for amylase activity. The 
2+ 
data in Table 2 show that Hg completely inactivated the 
3-day control activity. This would imply that all of the 
activity from the 3-day control was due to /3-amylase 
activity which is typically affected by such treatment. 
The thiol reagent, dithiothreitol (1 mM DTT) was able to 
24- 
restore all of the Hg ion-inactivated activity, thus 
supporting the idea that free SH groups capable of fully 
reversible oxidation and reduction were involved. 
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Table 2* Physicochemical Analysis of the Amylase Activity 




Amy la se Activity (% of Control) 
. (1 2 3 4 5 6) (2) 
Ca++ Heat 
Treatment 
(3) (4) (5) (6) 
Ca+++ Heat Hg++ DTT Hg^DTT 
Control 3-dy 100 080 090 000 140 110 
Control 6-dy 115 072 083 042 100 100 
ga3 3-dy 117 067 078 045 113 113 
ga3 6-dy 100 086 085 045 092 100 
(1) Aliquots from the respective enzyme extracts were incubated 
with CaCl2 (final concentration of ICT^M) for 1 hr at 0 to 4 C. 
(2) Aliquots from the respective enzyme extracts were heated 
for 15 min at 70 C in a constant temperature water bath. 
(3) Enzyme extracts were treated as in (l) followed by 
treatment as in (2). 
(4) Aliquots from the respective enzyme extracts were incubated 
with HgCl2 (final concentration of 10"^ M) for 15 min at 0 to 4 C. 
(5) Same procedure as in (4) but treated with DTT (final 
concentration of 1 mM). 
(6) Treated as in (4) followed by treatment as in (5). 
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The comparative data for the GA^-treated and non- 
treated tissue (Table 2) lends support to the idea that 
the effects of GA^ are seen in an earlier onset in the 
development of amylase activity. The physicochemical 
characteristics obtained for the 3-day GA-^-treated tissue 
appears to be in close agreement with those for the 6-day 
control (Table 2). Additions of GA^ to the incubation 
medium thus, allows for earlier development of amylase 
activity to be expressed. 
Effects of ,Actinomycin-D and Cycloheximide on Amylase 
Development. As a means of determining the extent to which 
the development of amylase activity was dependent upon RNA 
and protein synthesis, the respective inhibitors, actino- 
mycin-D and cylcloheximide were used. Both actinomycin-D 
and cycloheximide when added to the incubation medium had 
similar effects on the development of amylase activity 
(Pig. 7). When added to the incubation medium at 4 days 
or earlier, they almost completely prevented the develop¬ 
ment of amylase activity. However, the addition of either 
inhibitor after 5 days of incubation resulted in approxi¬ 
mately 90$ of the total activity being expressed. 
The corresponding PAGE patterns revealed (Pig. 8) 
that the inhibitors also prevented the appearance of the 
starch-degrading bands normally accompanying the increased 
I 
Figure 7* Effects of Actlnomycin-D and Cyclohex- 
imide on the Development of Amylase 
Activity from Incubated, De-embryonated 
Maize Kernels 
De-embryonated kernels were incubated as controls 
( — ) and either Actinomycin-D (fltllllllli) (20,/ug/ml) or 
cycloheximide (— —) (5/ig/ml) were added at the times 
indicated ( \IO • After a total of 6 days of incubation 
crude enzyme extracts were prepared and amylase activity 
determined as described under Materials and Methods. 
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^^•S^re 8* Polyacrylamide Gel Electrophoresis Zymo¬ 
grams of Amylase Activity from Actinomycin— 
D and Cycloheximide Treated Incubated, De- 
embryonated Maize Kernels. 
Crude enzyme extracts prepared from Actinomycin-D 
(20 jig/ml) and cycloheximide (5 ;ig/ml) treated incu¬ 
bated, de-embryonated maize kernels were applied to 
8% gels and electrophoresis performed as described 
under Materials and Methods. Numbers indicate day 




activity. It seems clear that the development of amylase 
I 4^- 
activity in the incubated de-embryonated kernel is 
correlated with the appearance of a number of starch- 
degrading bands and this process is dependent upun both 
RNA and protein synthesis. 
DISCUSSION 
The data indicates that increases in amylase activity 
in de-embryonated Zea mays kernels are realized as a 
function of incubation and that this development is in¬ 
dependent of an embryo or an exogneous source of gibber- 
ellic acid (GA^). This is contrary to the findings of Dure 
(5) and Ingle and Hageman (11 ), who concluded that the com¬ 
plete hydrolysis of starch reserves in the endosperm of 
maize during incubation requires some embryo factor, either 
the embryonic axis (11) or scutellum (5)# In both studies 
(5t 11) the intact kernels were first allowed to imbibe 
water for at least several hours prior to the dissection 
of the embryo (embryo axis plus scutellum). Kahn e_t al. 
(14), using embryoless wheat grains, have shown that some 
protein synthesis occurs in the embryoless grain during the 
early hours of imbibition. The biochemical events triggered 
by imbibition of water by the kernels prior to the removal 
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of the embryo may affect the subsequent amylase devel¬ 
opment. Figure 5 shows that the amylase activity also 
develops in the embryos dissected from germinating 
kernels and may contribute to the activity expressed later 
on in the endosperms. 
Ingle and Hageman (11) also stated that an exogenous 
supply of gibberellic acid was essential for sugar pro¬ 
duction in the de-embryonated maize kernel. This requisite 
for GA was also absent from the tissue under current study. 
It appears that the effect of GA^ on the development of 
amylolytic activity is a quantitative one, and seen only 
in an earlier enhanced level of activity at the onset of 
incubation. Non-GA^ treated tissue and the endosperms 
dissected from the germinating intact kernels (Figs. 2 
and 5) show a similar pattern in amylase development which 
is lower than that of the GA^-treated tissue (Fig. 2). 
This fact lends support to the idea that an embryonic 
factor is not critical to the development of activity, at 
least not during the earlier periods of incubation. The 
earlier appearance or the shorter time-lag in the devel¬ 
opment of amylase activity displayed by the GA^-treated 
tissue suggests that the amount of GA^ is the critical 
factor. An immediate implication is that endogenous levels 
of GA^ are present in the de-embryonated kernel in amounts 
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sufficient for the development of amylase activity. 
Support for this hypothesis is provided by the results 
in Figure 4 and Table 2, which show the excellent simi¬ 
larity between the activity of GA^- and non-treated 
tissue when reaction products and physicochemical charac¬ 
teristics are compared. The fact that the greater devel¬ 
opment in activity in the GA^-treated tissue over the non- 
treated tissue is seen only early in the time course and 
diminishes with increased incubation suggests that the 
naturally occurring endogenous level of GA^ is less than 
that required for the full development. The non-treated 
tissue may possess the capacity to synthesize GA. This 
would increase the endogenous level of GA up to that 
critical level necessary for the full expression of activ¬ 
ity. 
An alternate explanation is that some endogenous 
inhibitor leaches out thus lowering the level of endogen¬ 
ous GA giving maximal amylase activity. This possibility 
has been briefly outlined recently by Harvey and Oaks (10). 
In their discussion (10), they address themselves to the 
idea that specific additions of GA are required to over¬ 
come the inhibitory effects of abscisic acid on alpha- 
amylase development. The results of the physicochemical 
data (Table 2) and the reaction product analysis (Fig. 4) 
i 
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indicate that a portion of the developing activity is 
due to alpha-amylase. This finding is contrary to earlier 
reports (5, 11)• While this manuscript was in.preparation, 
Harvey and Oaks (10) indicated that they have obtained 
similar results. Like Bure (5) and Ingle and Hageman (ll), 
the tissue in their (10) study was prepared first by 
Imbibing the intact kernel. 
The development of amylase activity resulting during 
incubation is accompanied by the appearance of a number of 
starch-degrading bands. Such electrophoretic variants from 
maize endosperm tissue have been termed isoenzymes (3, 8). 
Although evidence may later Justify the use of the term 
isoenzymes in our system, we feel that amino acid compo¬ 
sition, sequencing and genetic studies are first necessary. 
The prevention of both the development of activity and the 
appearance of the electrophoretic variants by actinomycin-B 
and cycloheximide suggest that the two are mutually re¬ 
lated processes requiring protein synthesis. Actinomycin-B 
and cycloheximide, when added to the standard assay reac¬ 
tion mixture or incubated with a crude enzyme extract over¬ 
night at 4 0, had no inhibitory effect on the in vitro 
activity (data not shown). This suggests that the inhibitors 
do not interact directly with the amylase enzymes but more 




The fact that additions of either inhibitor during 
the early stages of the time course (Fig, 7) prevent the 
development of activity indicates that a continuous syn¬ 
thesis of RNA as well as protein is required for the 
observed activity development. Using barley aleurone layers 
it was demonstrated (9) that actinomycin-D had a high de¬ 
gree of specificity for inhibiting ot-amylase development* 
Actinomycin-D inhibited uridine and uracil incorporation 
into RUA while not affecting their uptake, respiration rate 
of the tissue, or leucine uptake, incorporation or pool 
size* Goodwin and Carr (9) concluded that actinomycin-D 
probably works by inhibiting RNA synthesis. However, both 
inhibitors failed to prevent the development of amylase 
activity when added at 5 days of incubation (Fig. 7). In 
explanation and as suggested by Goodwin and Carr (9), the 
presence of a stable RUA species which is insensitive to 
actinomycin-D or which rapidly translates to yield a stable 
protein, may appear at the later stages of incubation. 
Although cycloheximide is commonly used to indicate the 
involvement of protein synthesis in amylase producing 
systems (10, 14), cycloheximide may effect other metabolic 
processes (6). The response of maize kernels to cylcohex- 
imide is quite similar to that observed for actinomycin-D 
(Fig. 7) and may indicate that cycloheximide does prevent 
amylase development by inhibiting protein synthesis. 
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It is conceivable that the reason the results of this 
work differ from previous findings (5* 11 ) is due to differ¬ 
ences in cultivars used and may reflect the differences in 
the endogenous level of gibberellic acid and/or abscisic acid 
in the de-embryonated kernel. It is interesting to note 
that Ingel and Hageman (11) and Harvey and Oaks (10) used 
lines of maize having a common parent in Wf 9, yet the 
results obtained from the two studies were in direct contra¬ 
diction. 
Since no attempt has been made to separate the starchy 
endosperm from the aleurone layer, the full complement of 
amylase enzymes, as well as, the activity developed during 
incubation may arise from the interaction of the two tissues. 
We surmise that the Inherent difficulties in separating the 
aleurone layers form the starchy endosperm in maize is the 
reason for the lack of studies undertaken to assess the com¬ 
plement of amylases associated specifically with each tissue. 
Jacobsen et al. (13) noted that the complementof amylase 
enzymes resulting from GA^ treatment of isolated barley 
aleurone layers differed somewhat from those appearing in 
tissue containing both aleurone and starchy endosperm tissue. 
In explanation, they (13) suggested that the interaction of 
both tissues resulting in the possible hybidization of og» 
and ^-amylases may explain the observed differences. 
i 
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In a subsequent paper we demonstrate that the activity 
resulting from the incubation of de-embryonated kernels con¬ 
sist of both and ^-amylases each displaying electropho¬ 
retic variants with distinct and different properties. 
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ISOLATION AND CHARACTERIZATION OP AMYLASE ENZYMES 
PROM INCUBATED, DE-EMBRYONATED MAIZE KERNELS 
56 
ABSTRACT 
An enzyme extract prepared from incubated de-embryo- 
nated maize (Zea mays L.) kernels was resolved into three 
major amylase activities (I, II and III) by ion-exchange 
chromatography on DEAE-cellulose. Polyacrylamide gel elec¬ 
trophoresis patterns verified that separation had been 
achieved and that each activity peak demonstrated differ¬ 
ent starch-degrading band patterns. 
On the basis of several criteria, it was concluded 
that one of the activities was a ^-amylase (I, EC 3.2.1.2.) 
and two (II and III) were oc-amylases (EC 3.2.1.1.). Fraction 
I activity was completely inactivated by low concentrations 
of HgClg (10-5 and was not protected by Ca^* (iO~^ M 
CaCl2) against heat inactivation. In almost all respects, 
activity II appeared to be an o^amylase yet it was very 
sensitive to HgCl2 treatment. Activity III exhibited prop¬ 
erties typical of classical c^amylase. Thermal stability 
was afforded by Ca2+ for activities II and III but simi¬ 
lar treatment at 70 C for 15 min completely inactivated 
activity I. Extended dialysis against 1 0~2 M EDTA resulted 
in an irreversible loss of activity in fractions II and 
III. Starch hydrolysis catalyzed by fraction I resulted in 
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a single product, maltose, typical of /9-amylolysis, where¬ 
as activities II and III resulted in reaction products 
characteristic of plant 06-amylolysis. 
Optimal enzymatic activity occurred at a pH of 4.7* 
4.25 and 5.15 for I, II and III activities. The Michaelis 
constants (Km) were 5*0* 2.2 and 18.2 X 10 g soluble 
starch per ml with temperature optimas of 50, 35, and 55+ 0. 
for the respective activities. The energies of activation 
(Ea) for the temperature range of 10 to 20 C were respec¬ 
tively 11.4, 16.0 and 12.2 Kcal per mole. 
Further analysis by isoelectric focusing gave PI values 
of 4.55 and 4.95 for I and II activities. However, the 
activity associated with Peak III was separated into two 
t „ 
components with isoelectric pH of 4.30 and 5.05; each 
possessed distinct and different physicochemical proper¬ 
ties. 
A large increase in amylolytic activity during incu¬ 
bation of embry—ectomized maize kernels has been demon¬ 
strated (9). Coincident with this development of activity 
was the appearance of a number of starch-degrading bands 
as evidenced by polyacrylamide gel electrophoresis (9). 
f 
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It was shown that although the development of activity 
was independent of an exogenous source of gibberellic 
acid, action patterns resulting from the enzymatic hy¬ 
drolysis of a starch substrate were typical of those 
produced by plant OC-amylases (9). 
It has been reported that there is an obligate re¬ 
quisite of either an embryo or an exogenous supply of 
gibberellic acid for amylase production in maize (6, 13)» 
Therefore it was of interest to determine the nature of 
the amylolytic activity associated with the incubated de- 
embryonated maize kernel. An approach utilizing ion-ex- 
change chromatography, which has proven successful in the 
separation and isolation of amylase activities (16, 24, 31), 
was employed to ascertain the nature of the complement of 
amylases associated with the embryoless maize system. 
Comparative analytical data characterizing the partially 
purified activities as to type (i.e. aloha or beta) and their 
physicochemical and kinetic properties are presented and 
discussed. 
MATERIALS AND METHODS 
Plant Material. Seed of Seneca Chief sweet corn (Zea mays L. ) 
was purchased from the Joseph Harris Seed Company (Rochester, 
New York). 
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To assess the complement of amylase enzymes contrib¬ 
uted by the embryoless kernel, the embryos were physically 
removed using a file and scalpel (9). The de-embryonated 
kernel consisting of the pericarp, aleurone layer and 
starchy endosperm served as the experimental material. 
Tissue Incubation. The de-embryonated kernels were surface 
sterilized and incubated as previously described (9). After 
a total of 7 days of incubation, a bulk enzyme extract was 
prepared. 
Enzyme Purification. 
Bulk Enzyme Extraction. All operations were carried 
out at 0 to 4 C. A typical large scale preparation of en¬ 
zyme was made using 260 kernels (26 Petri plates) of 7-day 
incubated de-embryonated kernels. The tissue with residual 
Incubation medium was ground with 39 ml of 0.05 M Tris-HCl 
buffer, pH 7.6 for 2 min at high speed using a *Virtis 45* 
homogenizer. The homogenate was centrifuged for 10 min at 
20,000xg and the supernatant fraction collected. The pellet 
was suspended in an additional 52 ml of Tris-HCl buffer and 
centrifuged as before. The supernatants were combined, de¬ 
canted through three layers of cheesecloth and set in cen¬ 
trifuge tubes in the cold overnight. This was dene to allow 
a water soluble polysaccharide (WSP) fraction which interfered 
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with further purification steps, to settle out. The crude 
supernatant was then centrifuged fcr 15 min at 35>OOOxg, 
the supernatant kept and the pellet containing the WSP 
fraction discarded. The protein in the crude supernatant 
minus the WSP was then precipitated by the addition of 2 
volumes of cold (-10 C) acetone. After thorough mixing, the 
acetone solution was stored at -10 C for 20 min to allow 
for flocculation of the protein which was then sedimented 
by centrifugation at 35,OOOxg for 15 min. 
Gel Filtration. The pellet containing amylase activity was 
resuspended in a small volume of 0.05 M Tris-HCl buffer, 
pH 7.6 and subjected to gel filtration on a Sephadex G-50 
column (Pharmacia) to eliminate low molecular weight com¬ 
pounds. The G-50 column (2.5 x 20 cm) was packed with gel 
previously equilibrated 24 hr with same Tris-HCl buffer, 
and washed with several volumes of buffer before the sample 
was applied. A nylon mesh disk was fitted on the top of the 
gel allowing the sample to placed on top without disturbing 
the surface of the gel. The sample was eluted from the 
column by gravity flow from a constant head with Tris-HCl 
buffer at the rate of one 5-ml fraction per 8 min. The 
fractions containing activity were pooled, the protein 
concentrated with 2 volumes of acetone as previously de¬ 
scribed (9 Part I), and the pellet resuspended in a small 
volume of 0.05 M Tris-HCl buffer, pH 8.0. 
I 
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Ion— Exchange Chromatography, The resuspended pellet was 
applied to a diethylaminoethyl-(DEAE) cellulose (0*8 meq/g, 
Sigma) column which had been prepared for use as an anion 
exchanger according to the method of Peterson and Sober 
(21 ) and equilibrated with 0.05 M Tris-HCl buffer, pH 8.0. 
The adjusted DEAE-cellulose was gravity packed into a col¬ 
umn 2.5 x 20 cm, the surface fitted with a nylon mesh disk 
and the concentrated sample from the previous gel filtration 
applied. The active material was eluted with 200 ml of 
solution employing a linear gradient of 0.01 to 1.0 M 
NaCl dissolved in 0.05 M Tris-HCl buffer, pH 8.0. The eluate 
was collected at the rate of one 5-ml fraction per 8 mih. 
The separated activity peaks were used as a source of 
enzyme for characterization, rechromatography, or isoelectric 
focusing. For rechromatography of particular activity peaks, 
the respective fractions were concentrated with acetone, 
resuspended in Tris-HCl buffer as previously described and 
applied to a second DEAE-cellulose column which was eluted 
with an appropriate salt gradient. The results of a typical 
enzyme purification are summarized in Table 1• 
Electrophoresis. Analytical polyacrylamide gel electropho¬ 
resis (PAGE) was used to monitor the complement of amylase 
enzymes during the course of purification as well as to 
verify the homogeneity prior to characterization. A modified 
procedure of Davis (5) as described earlier was used (9). 
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Isoelectric Focusing. Isoelectric focusing was used to 
determine isoelectric points and to provide a source of 
enzyme for characterization* Isoelectric fractionation 
was performed essentially by the method of Chao and 
Scandalios (4). The procedure was carried out in a 110 ml 
Ampholine 8100 column (LKB Lab Instruments, Baltimore, 
Md.). Ampholine solution (final concentration \%9 LKB) 
and glycerol to establish a pH gradient along with the 
density gradient were mixed with the sample solution and 
transferred to the column from an LKB gradient mixer* The 
electrofocusing was conducted in a cold room (4 C) and the 
column kept cold by the circulation of a brine solution 
through the internal and external column jackets. The time 
for a run was 62 to 72 hr at a constant voltage of 500 V. 
and an initial current of about 5 mA. Constant volume 
fractions were collected by draining the gradient solution 
from the bottom of the column with the aid of a fraction 
collector. 
Amylase activity was measured as the fractions were 
collected to minimize possible decay of the enzyme at its 
isoelectric pH. The pH of each fraction was measured at 4 
C using a single probe electrode with a Corning pH meter 
(Model #10) which was standardized before use with pH 4.0 
and pH 7.0 standard buffers. The errors of repetitive 
readings were in the range of 0.05 units* 
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The composition of the gradient solutions and 
electrolyte solutions for a typical run in the pH range 
of 3 to 10 or 3 to 6 were: 
Light Gradient Solution 
Ampholine (10$) 2.3 nil 
DEAE pooled Peak^^ 36.0 ml 
Distilled water 16.5 ml 
















The pooled fractions of an individual DEAE-cellulose 
activity peak were dialyzed against 1$ glycine for 4 hr 
prior to insertion into the column. 
< 
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Enzyme Assay and Protein Determination. Methods for assay¬ 
ing amylase activity and determining protein content were 
described, previously (9). 
Reaction Product Determination. Reaction products of amylase 
activity were determined for the respective activities iso¬ 
lated by DEAE-cellulose column chromatography using the 
method of Robyt and French (22) as given earlier (9). 
pH Optima Determination* The influence of pH on the respec¬ 
tive amylase activities was investigated by incubating the 
enzyme in buffer solutions of various pH values and measur¬ 
ing the amylase activity according to the standard assay 
technique* The following buffer solutions, all 0.025 M, 
were used: glycine-HCl, pH 2.4 to 3*6; acetate, pH 3*6 to 
5.6; citrate-phosphate, 5*6 to 7*0; and Tris-HCl, 7.0 to 
9*0 and were prepared according to Gomori (10). To 1 ml 
of a 2% soluble starch solution (according to Lintner) and 
3.9 ml of the respective buffer, 0.1 ml of enzyme was added 
to start the reaction. The pH of the reaction mixture at the 
termination of the assay was measured with a single probe 
electrode and the values obtained were used for graphic 
analysis. 
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Determination of Mlchaelis-Menten Constants (Km). Soluble 
starch (Merck, according to Lintner) solutions in the 
range of 0.2 to 20 mg per ml were prepared in 0.05 M 
acetate buffer, pH 5.0 and constituted the reaction mix¬ 
ture. The reaction mixtures were equilibrated to 30 C, and 
the standard assay was initiated with the addition of 0.1 ml 
enzyme. 
Determination of Activation Energy (Efl). As a means of 
determining the energy of activation of the respective 
activities, an Arrhenius plot was made covering the temper¬ 
ature range of 10 to 50 C. This was accomplished by running 
the standard reaction assay in constant temperature water 
baths for the different temperatures and then plotting 
the log of the reaction rate against the reciprocal of the 
absolute temperature. The E& was then obtained mathematically 
from the slope of the resulting curves. 
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RESULTS 
Ion-Exchange Chromatography. A preparation from incubated 
de-embryonated Zea mays kernels was resolved into three 
activity peaks by DEAE-cellulose column chromatography 
(Fig. 1) which are referred to as I, II and III in order of 
their elution. To ensure that the resulting three activity 
peaks were not artifacts arising from ion-exchange chrom¬ 
atography on DEAE-cellulose, the respective activities were 
rechromatographed. The resulting elution profiles (Fig. 2) 
show that each original peak rechromatographed into either 
a single peak or a plateau of activity at a corresponding 
NaCl concentration. 
Polyacrylamide Gel Electrophoresis (PAGE). Enzyme samples 
of the respective activities from DEAE-cellulose column 
chromatography were subjected to PAGE-analysis. The re¬ 
sulting zymograms are presented in Figure 3. Using an 
activity stain, the starch-degrading bands appear as clear 
zones against a dark background. Each of the three activ¬ 
ities, I, II and III, corresponded to a zone of starch¬ 
degrading activity which differ in their mobility rates. 
Activity I showed a relatively slow mobility rate, activity II 
a greater rate of migration and activity III showed the 
greatest anodic migration. 
i 
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Table 1• Typical Purification Scheme of Amylases from 
Incubated, De-embryonated Maize Kernels 
—-— rn 










Sephadex G-50 200 8.0 
DEAE-cellulose 
Peak I 21 6.6 
Peak II 12 10.6 
Peak III 14 20.1 
(1) One unit of activity =a5 min, A of 0.010 for 
575 nm 
0.1 ml enzyme. 
Figure 1• Chromatographic Elution Profile from a 
DEAE-cellulose Column of an Amylase Pre¬ 
paration from Incubated, De-embryonated 
Maize Kernels. 
An enzyme preparation from a G-50 Sephadex 
column was applied to a DEAE-cellulose 2.5 X 20 
cm column and eluted at 4 C with a 0.01 to 1.0 M 
NaCl linear gradient in 0.05 M Tris-HCl buffer, 
pH 8.0. The flow rate was 0.6 ml per min and 5*0 
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Figure 2. Rechromatographic Elution Profiles of an 
Amylase Preparation from a DEAE-cellulose 
Column. 
A. Fractions of Peaks I and II from a DEAE- 
cellulose chromatographic run were pooled, concen¬ 
trated with acetone and rechromatographed on a 
second DEAE-cellulose 2.4 X 20 cm column and eluted 
at 4 C with a 0.01 to 0.68 M NaCI gradient in 0.05 M 
Tris-HCl buffer, pH 8.0. The flow rate was 0.6 ml per 
min and 5.0 ml fractions were collected. The void 
volume was 50.0 ml. 
B# Fractions of Peak III were rechromatographed 
in a similar manner as above except elution was 
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Figure 3. Polyacrylamide Gel Electrophoresis 
Zymograms of Amylases Eluted from a 
DEAE-cellulose Column. 
A. 6% Acrylamide gel zymograms of Peak I, II 
and III activities. 
B. 6% Acrylamide gel zymograms of co-rechro- 
matographed Peak I and II activities showing Peak 
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The polyacrylamide gel electrophoresis patterns of 
the activities rechromatographed on DEAE-cellulose columns 
are in agreement with the original patterns and the gel 
patterns from co-chromatographed zymograms indicate that 
separation had been achieved (Fig. 3). Upon this evidence 
it was concluded that the chromatographic process on 
DEAE-cellulose per se does not cause artifacts and sep¬ 
aration is a result of charge and size differences among 
the enzymes. 
PAGE analysis was also used prior to characteriza¬ 
tion of the activities separated by DEAE-cellulose column 
chromatography. In this regard PAGE was employed to de¬ 
termine which fractions of a particular activity peak 
could be combined for the purpose of providing sufficient 
amounts of enzyme for characterization as well as prevent¬ 
ing the contamination of one activity with another. Only 
fractions giving similar gel zymogram patterns were pooled 
separately. As an added safeguard against contamination, 
fractions corresponding to the activity troughs occurring 
between two adjacent activities in addition to one fraction 
on either side of the troughs were discarded. 
Reaction Product Analysis. As a means of determining the 
type of activity (i^e. a or 0) associated with each of the 
activities separated by DEAE-cellulose chromatography, the 
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products of their catalysis on a soluble starch substrate 
were studied. Chromatographic analysis of a time course 
action pattern produced by the respective activities is 
shown in Figure 4. The activity of Peak I is typical of 
that of 3-amylase in that only maltose is produced, which 
increases in amount with increased incubation. Within 10 
min of incubation, Peak II activity results in the produc¬ 
tion of maltose, maltotriose and higher glucose oligomers. 
Further incubation results in the increased intensity of 
these products as well as the appearance of some glucose. 
The action pattern resulting from Peak III activity after 
10 min of incubation shows glucose, maltotriose and a large 
polymer appearing close to the origin. Increased incubation 
leads to the appearance of predominantly maltose and some 
higher glucose oligomers. It is noteworthy to mention that 
maltose appeared as a major end product of activities II 
and III after 10 and 20 min of digestion respectively. 
Similar qualitative data was presented for an a-amylase 
activity isolated from liquid maize endosperm of developing 
kernels (4). The end products of a-amylase activity followi¬ 
ng 3 to 15 min digestion of a soluble starch substrate 
were primarily glucose and maltose. Within 30 min maltotriose 
appeared (4). It was emphasized that the maize a- and 3- 
amylases differed mainly in the initial period of amylolysis; 
P-amylase producing only maltose and a-amylase producing 
maltose, maltotriose and glucose (4). 
Figure 4. Paper Chromatograms of Reaction Products 
Catalyzed by Peaks I, II and III Eluted 
from a DEAE-cellulose Column 
Enzyme samples from the respective activity Peaks were 
added to complete reaction mixtures. At 10, 20, 30 and 60 
min, aliquots were removed from the reaction mixtures and 
boiled for 5 min to inactivate enzyme activity. Reaction 
products along with standards (G^glucose; G2=maltose; Gy= 
maltotriose) were used for chromatographic analysis as de¬ 
scribed under Materials and Methods. 
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Physicochemical Analysis, In addition to their enzymatic 
action, the a- and 0-amylases classically differ in a num¬ 
ber of physicochemical characteristics which may be used to 
gain further evidence for their classification. The prop¬ 
erties of the respective activities are summarized in 
Table 2. 
1. Effects of Calcium and EDTA on Enzyme Activity. 
The essentiality of calcium for starch hydrolysis by several 
a-amylases (27,30), and its protective role against thermal 
denaturation have been reported (17,27). In conjunction 
with this information is the report that all a-amylases in¬ 
vestigated contain at least one gram atom of bound calcium 
per mole of enzyme (27). As a result, a calcium chelator, 
such as EDTA, characteristically has been employed to in¬ 
activate a-amylase (8,28,30). The amylases from Peaks II 
and III when dialyzed versus EDTA (10”2M) became irrevers¬ 
ibly inactivated; the addition of calcium back to the 
dialyzed samples, even with extended incubation, failed to 
restore the lost activity (Table 3). 
Incubating the respective activities with excess cal¬ 
cium (lcT^M) had no stimulating effect (Table 2). This 
would suggest that either the different purification tech¬ 
niques did not remove calcium from calcium-dependent a-amy- 
lases or possibly, as indicated by the EDTA studies, that 
once calcium is removed the activity is irreversibly lost. 
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Table 2. Summary of Physicochemical Properties of Peak I, 
II and III Amylase Activities Eluted from a 
DEAE-cellulose Column 
Treatment Amylase Activity (% of Control) 
DEAE-cellulose Column Peaks 
I II III 
Control 100 100 100 
, 0) 
Ca++ (10 1 2 3 4 5 6 7 8 M) 100 103 098 
(2) 
Heat (70 C, 12 min) 003 000 000 
++ (3) 
Ca + Heat 005 061 094 
** -6 (4) 
Hg++ (10 b M) 000 007 071 
(5) 
DTT (1 mM) 113 103 100 
(6) 
DTT (10 mM) 104 112 096 
++ (7) 
Hg Then DTT 097 081 102 
++ (8) 
DTT Then Hg 097 108 105 
(1) An aliquot of enzyme was incubated with CaCl2 (10~^ M 
final concentration) for 1 hr in ice then amylas activity 
was determined. 
(2) An aliquot of enzyme was heated in a constant temper¬ 
ature water bath at 70 C for 12 min. 
(3) An aliquot of enzyme was treated as in (1) followed by (2). 
(4) An aliquot of enzyme was incubated with HgCl2 (1 
final concentration) for 15 min in ice. 
(5) An aliquot of enzyme was incubated with dithiothreitol 
(DTT final concentration 1 mM) for 15 min in ice. 
(6) Treated as in (5) except with 10 mM DTT. 
(7) Treated as in (4) followed by (5). 
(8) Treated as in (5) followed by (4). 
i 
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Table 3. Effects of Dialysis Versus EDTA on the Amylases 




Amylase Activity of Control) 
DEAE-cellulose Column Peaks 
I II III 
Dialysis vs ^1^ 0 100 100 100 
EDTA 
24 90 62 57 








24 - 0 0 
48 - 0 0 
72 - 0 0 
(1) Dialysis vs EDTA, 10~2 M at 0 to 4 C. 
(2) Ca++ (final concentration 10~^ M CaCl2) added to the 
72 hr dialyzed activities of Peak II and III for a total 
of 72 hr at 0 to 4 C. 
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Samples of enzyme from the respective activity peaks 
were incubated with calcium (10"% final concentration) 
and then heated for 12 min at 70 C, Although activity of 
Peak I was completely lost, calcium was able to stabilize 
almost all of the activity of Peaks II and III lending 
further support that they are of the a-type (Table 2). 
2, Effects of HgClp and DTT on Enzyme Activity, 
0-Amylases contain sulfhydryl groups essential for their 
activity (12,30), Based upon this fact HgCl2 and thiol 
reagents such as dithiothreitol (DTT) have been used to 
determine the presence of 0-amylase (2,7,12,30). In this 
respect, it has been reported (8) for barley that HgCl^ 
at low concentrations (10"%) will inactivate 0-amylase 
whereas, DTT will reduce any oxidized sulfhydryl groups 
and thus restore the activity. The data presented in 
Table 2 show that Peaks I and II are sensitive to HgClp 
treatment resulting in complete loss in activity. DTT 
has no effect by itself, however, it does enhance the 
level of activity of Peak I by 13% (Table 2) which ten¬ 
tatively has been designated as a 0-amylase. It is inter¬ 
esting to note that the inactivating effect of HgCl^ is 
fully reversed by DTT treatment (Table 2). This infor¬ 
mation would suggest that I and II activities require 
free sulfhydryl groups for enzyme activity, which would 
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be expected for 0-amylase (i,et Peak I) but not for activ¬ 
ity II# which in all other respects behaves like an a-aray- 
lase. 
Effect of pH on Enzyme Activity. The effect of pH on the 
respective activities at JO C was determined by the use of 
buffered starch solutions (glycine-HCl, acetate, citrate- 
phosphate, Tris-HCl) prepared as described by Gomori (10). 
The pH values were determined on the digests at the end of 
the assay. As shown in Figure 5# and summarized in Table 4, 
the pH optimums were 4.7, 4.25# and 5*15 for Peaks I, II and 
III respectively. The value for Peak I compares favorably 
with the pH optimum of 4.5 to 5*0 for 0-amylase of barley 
malt and that of 4 to 5 for sweet potato (2,7). The value 
for Peak III is also in good agreement with the values of 
4.7 to 5.4 obtained for a-araylase from barley malt (2). 
Peak II deviates from classical a-amylase. Its pH optimum 
more closely approaches the values for 0-amylases, although 
it is somewhat lower (pH 4.25). 
The pH stability ranges were based on pH values at 
which greater than 50% of the activity remained during the 
course of the standard assay. On this basis, Peaks I and III 
have fairly broad ranges of more than three pH units (Fig. 5 
and Table 4), typical of plant a- and 0-amylases (2,7). A- 
typically, Peak II has a fairly narrow pH stability range of 
3«5 to 5*4. 
I 
Figure 5. Comparative pH Activity Profiles of the 
Reaction Rates Catalyzed by the Respective 
Amylase Activities Eluted from a DEAE- 
cellulose Column. 
Aliquots (0.1 ml) from Peaks I, II and III from 
DEAE-cellulose column chromatography were added to a 
series of complete reaction mixtures at various pH 
values and assays were performed according to the 
standard assay technique. The buffer solutions used 
to establish the different pH values were all 0.025 
Acetate buffer, pH 2.6 to 5*6, citrate—phosphate 
buffer, pH 5.6 to 7 .0 and Tris-HCl buffer, pH 7.0 
to 8.45 were used and prepared according to Gomori 
(10). 
? T 





Table 4* Characteristics of the Amylases Eluted from a 
DEAE-cellulose Column 
Characteristic DEAE-cellulose Column Peaks 
I II III 
pH Optimum 4.7 4.25 5.15 
o) 
pH Stability Range 
C\J • i • 3.5-5.4 3.5-6.8 
Temperature Optimum 50 C 35 0 55+ C 
Energy of Activation 
(a) 10 to 20 C 11.4 Kcal/mole 16.0 Kcal/mole 12.2 Kcal/mole 
(b) 20 to 30 0 9.9 " 9.7 " 6.8 
II 
(c) 25 to 35 C - 11.7 H - 
(d) 30 to 40 C 10.6 " 5.6 12.1 II 
Km (g Sol. Starch/ml) 5.0 X 10"3 2.2 X 10"3 18.2 X IQ’3 
(1) Greater than 50$ activity. 
i 
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Effect of Temperature on Enzyme Activity. Activity 
measurements of the three activities obtained by DEAE- 
cellulose column chromatography were conducted at 
pH 5.0 over the temperature range of 10 to 55 C in 
5 C increments. The optimal temperatures were found 
to be 50, 35 and 55* C for the three activities re¬ 
spectively (Fig. 6). 
To evaluate the activation energies for the three 
activities, Arrhenius plots of activity were used (Fig. 7). 
A plot of the logarithm of the velocity as a function of 
the reciprocal of the absolute temperature resulted in a 
curvature of all three plots (Fig. 7). Curvature has 
frequently been observed for Arrhenius plots and inter¬ 
preted in part, as a decrease in activation energy with 
increasing temperature and in part, as a result of an in¬ 
crease in the dissociation constant of the enzyme sub¬ 
strate complex, as well as the result of an enhanced de- 
naturation rate (30). Comparable E values for the three 
3. 
activities of 11 to 16 Kcal per mole were found for the 
temperature range of 10 to 20 C (Table 4 and Fig. 7) and 
concur with reported values obtained for the amylases 
(12,15,28). 
Figure 6. Effect of Temperature on the Reaction Rates 
Catalyzed by Amylases Eluted from a DEAE- 
cellulose Column. 
A. Aliquots from Peak I eluted from a DEAE-cellu- 
lose column were assayed at the temperatures indicated 
(10 to 50). 
B. Aliquots from Peak II eluted from a DEAE- 
cellulose column were assayed at the temperatures 
indicated. 
C. Aliquots from Peak III were similarly assayed 
as above. 
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Figure 7. Arrhenius Plots of the Amylase Activities 
of Peaks I, II and III Eluted from a DEAE- 
cellulose Column. 
Standard reaction mixtures were equilibrated in 
constant temperature water baths for the different 
temperatures and assays were performed for the re¬ 
spective activities (Peak I, II and III). The log of 
the reaction rates were then plotted against the re¬ 



















Thermostability of the Respective Activities, To further 
determine the nature (i,et type) of the respective activ¬ 
ities! the thermostability of the enzymes was studied. 
For this purpose, the enzymes were incubated with calcium 
(CaCl2» final concentration 10~^M) for one hour (in ice) 
and then samples along with untreated controls were 
rapidly introduced into a constant-temperature water bath 
of 70 C. At suitable time intervals, aliquots were with¬ 
drawn and the activity determined under standard assay 
conditions. The criterion here is that a-amylase activ- 
2+ 
ity is protected by Ca against heat inactivation at 
70 C (2,8,12,29,35). Plots of the effects of calcium on 
the thermostability of the enzymes are presented in . 
Figure 8. The activities of Peaks II and III are stabi- 
2+ 
lized by Ca against heat inactivation lending addition¬ 
al support that they are a-amylases. Whereas Peak III 
activity is completely protected against heat inactiva- 
• 2+ 
tion by Ca , approximately 25% of Peak II activity was 
lost as a result of similar treatment. Typical of 
2+ 
0-amylase, Ca is unable to protect Peak I from heat 
inactivation and all activity is lost within 4 min of 
heating in the presence of Ca^*. 
Figure 8. The Effect of Calcium on the Thermostability 
of Amylases Eluted from a DEAE-cellulose 
Column. 
Aliquots of enzyme from Peak I (A), Peak II (B) 
and Peak III (C) eluted from a DEAE-cellulose column 
were incubated for 1 hr in ice with 10 ^ M CaCl^. At 
zero time 1.0 ml aliquots were injected into test tubes 
that had been immersed and equilibrated in a 70 C 
water bath. At the respective times indicated, 
samples (0.1 ml) were withdrawn and amylase activity 
determined by the standard assay. The same procedure 
was followed for controls not receiving calcium 
treatment. Solid lines represent calcium treated and 
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Determination of Michaelis-Menten Constants (Km). Michaelis- 
Menten constants for the three activities were determined 
graphically by plotting the reciprocal values of starch 
concentrations! S, against the reciprocal values of reac¬ 
tion velocities, V (Fig. 9). The values obtained are summa¬ 
rized in Table 4. The Km values for Peaks I and II of 5.0 
and 2.2 x 10 ^ g of soluble starch per ml are very similar 
in magnitude for a- and 3-amylases from several sources 
(2,12). The value of 18,2 x 10“-* g of soluble starch per ml 
for Peak III activity, which possesses properties charac¬ 
teristic of classical a-amylase, is somewhat high. However, 
high Km values for a-amylase have been reported in Triticale 
(15)* In this regard, Pech et al. (20) have demonstrated 
an a-amylase of pear pulp with a Km two-fold greater than 
the two 3-amylases extracted from the same tissue. The Km's 
for a-amylase are reportedly lower than those for 3-amylase 
within the same tissue (2,12). 
Isoelectric Focusing (IEF). The amylase activities isolated 
by DEAE-cellulose chromatography were subjected to isoelec¬ 
tric focusing as a means of determining the isoelectric 
PH's as well as providing preparative amounts of enzyme for 
characterization. 
ATI fractions contained within Peaks I and II were 
Pooled and co-focused. This was done to determine whether 
I 
Figure 9. Lineweaver-Burk Plots of Amylase Activities 
from Peak I, II and III Eluted from a DEAE- 
cellulose Column. 
Aliquots from the respective peaks were added to 
a series of complete reaction mixtures containing 
various amounts of soluble starch in the range of 0.2 
to 20 mg and the standard assay performed. (A=Peak I, 
B=Peak II and C=Peak III). 
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the high resolving power of IEF was capable of separating 
any minor activities contained within the enzyme sample. 
Like DEAE-cellulose chromatography the co-focused peaks 
were resolved into two activity peaks corresponding to PI 
values of 4.55 and 4.95 (Fig. 10), To determine which 
value corresponded to its respective DEAE activity, partial 
characterization of the two fractions resolved by the 
IEF run was undertaken. A summary of the data is presented 
in Tables 5 and 6 and Figures 11 and 12. On the basis of 
the thermostability data (Fig. 11) and the PAGE zymogram 
analysis (Fig. 13)# it was concluded that Peaks I and II 
corresponded to Pi's of 4.55 and 4.95 respectively. 
Peak III activity, as well as a rechromatographed 
(on DEAE-cellulose) sample of Peak III, were subjected to 
individual IEF analysis. The elution activity profiles of 
the two runs are nearly identical, and show that Peak III 
activity is composed of enzymatically active components 
with Pi's of 4.30 and 5.05 (Fig. 14). A comparative 
analysis of the physicochemcial and kinetic properties of 
these two components was made and the results are summa¬ 
rized in Tables 5 and 6. Although both components behave 
in a fashion indicative of a-amylases, they differ from 
one another in many of their properties. Whereas the PI 
5.05 component is stabilized against heat inactivation 
I 
Figure 10. Isoelectric Focusing of the Pooled Peaks 
I and II Amylase Activities Eluted from a 
DEAE-cellulose Column. 
Peaks I and II eluted from a DEAE-cellulose 
column containing 38 mg of protein were pooled and 
subjected to IEF in the range of carrier ampholytes 
pH 3 to 10. The 110 ml column was focused for 70 hr 
at 500 volts. Fractions were collected, amylase activ 
determined and pH values measured as described un 



























































Table 5* Summary of the Physicochemical Properties of the 
Amylases Fractionated by Isoelectric Focusing 
Amylase Activity (% of Control) 
Treatment Isoelectric pH 
4.55 4.95 4.30 5.10 












16 min) 000 000 000 000 
(3) 
Ca + Heat 000 115 033 078 
TT + + 
Hg do-5 
(4) 
M) 000 000 051 007 
(5) 
DTT (1 MM) 
++(6) 
119 121 121 
141 
098 
DTT ’ rhen Hg 127 102 090 
(1) An aliquot of enzyme was incubated with CaClp (1 M 
final concentration) for 1 hr in ice then amylase activity 
was determined. 
(2) An aliquot of enzyme was heated in a constant tempera¬ 
ture water bath at 70 C for 16 min, 
(3) An aliquot of enzyme wastreated as in (l) followed by (2). 
(4) An aliquot of enzyme was incubated with HgCl (10~^ M 
final concentration) for 15 min in ice. 2 
(5) An aliquot of enzyme was incubated with dithiothreitol 
(DTT final concentration 1 mM) for 15 min in ice. 




Table 6. Characteristics of the Amylases Fractionated 
by Isoelectric Focusing. 
Characteristic Corresponding DEAE- -cellulose Column Peak 
I II III 
pH Optimum 
Rangi1^ 
3.9-5.5 4.30 5.10 3.9-4.7 
pH Stability 3.0-7.2 3.4-5.9 3.3-5.4 3.25-7.1 
Isoelectric pH 4.55 4.95 4.30 5.05 
(l) Greater than 50% activity. 
> 
I 
Figure 11. The Effect of Calcium on the Thermostability 
- of Peak I and II Amylases Fractionated by 
Isoelectric Focusing, 
Peaks I and II from DEAE-cellulose column chroma¬ 
tography were subjected to isoelectric focusing and the 
* s 
resulting active fractions with PI of 4.55 and 4.95 
-3 
were Incubated in ice for 1 hr with 10 M CaC^* At 
zero time a 1.0 ml aliquot of enzyme was injected into 
a test tube that had been immersed and equilibrated in 
a 70 C water bath. At the respective times indicated, 
samples were withdrawn and amylase activity determined 













Figure 12. Comparative pH Activity Profiles of the 
Reaction Rates Catalyzed by Peak I and 
II Amylase Activities Fractionated by 
Isoelectric Focusing. 
Peaks I and II from DEAE-cellulose column chroma¬ 
tography were subjected to IEF. The resulting amylase 
1 c; 
activities with PI of 4.55 and 4.95 (fractions 11 
and 13 respectively) served as enzyme sample. Aliquots 
were added to a series of complete reaction mixtures 
at various pH values and amylase activity determined 
according to the standard assay procedure. The buffer 
solutions used were all 0.025 M. Acetate buffer, pH 
2.6 to 5.6; citrate-phosphate buffer, pH 6.0 to 6.8; 
and Tris-HCl buffer, pH 7.2 to 8.45 were used and 
prepared according to Gomori (10). 
c 
Figure 13. Acrylamide Gel Electrophoresis Zymograms 
of Peak I and II Amylase Activities 
Fractionated by Isoelectric Focusing. 
Peak I and II activities eluted from a DEAE- 
cellulose column were co-focused as described under 
Materials and Methods. Aliquots from the respective 
activities fractionated by IEF were then subjected to 
PAGE on 6% gels. Fraction 11 (PI of 4.53) is equiva¬ 
lent to Peak I and fraction 13 (PI of 4.95) is equiv¬ 




Figure 14. Isoelectric Focusieng of Peak III Amylase 
Activity Eluted from a DEAE-cellulose Column. 
A sample of Peak III from DEAE-cellulose chromo- 
tography containing 10.3 mg of protein was subjected 
to IEF in the range of carrier ampholytes pH 3 to 10. 
The 110 ml column was focused for 64 hr at 500 volts. 
Fractions were collected and pH values measured and 
amylase activity determined as described under Materi¬ 
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by Ca » 50% of the PI 4.30 component is inactivated by 
such treatment (Fig. 15). The two components also differ 
with respect to the effects of pH on their activities. 
The PI 4.30 component demonstrates a relatively broader 
pH activity profile and has a pH optimum of 5.10 (Fig. 16). 
The PI 5.05 component exhibits a narrower pH activity 
profile with an ill-defined pH optimum of 3.9 to 4.7 
(Fig. 16). The two components also vary in their behavior 
on acrylamide gels. The 4.30 enzyme : shows greater anodic 
migration than the PI 5.05 component (Fig. 17). This 
is in accord with the fact that the more negatively 
charged component (PI 4.30) would exhibit the greater 
anodic migration in the PAGE buffer system used (pH 8.3). 
DISCUSSION 
Based upon the early work of Dure (6) it was concluded 
that the de-embryonated maize kernel, upon incubation, 
yielded only ^-amylase. Further evidence suggested that 
either the presence of an embryo factor (6) or additions 
of gibberellic acid (13) was required for the development 
of a-amylase activity in the embryoless maize kernel. The 
many and elaborate studies done with barley (16,18,19,29, 
33#34) strengthened the conclusions made for maize and 
Figure 15. The Effect of Calcium on the Thermostability 
of Peak III Amylase Activity Fractionated by 
Isoelectric Focusing, 
Peak III from DEAE-cellulose column Chromatography 
was subjected to IEF. Aliquots of the resulting active 
fractions were incubated in ice for 1 hr with 10 ^ M 
CaCl^. At zero time a i.o ml aliquot of enzyme was in¬ 
jected into a test tube that had been immersed and 
equilibrated in a 70 C water bath. At the times indi¬ 
cated, samples were withdrawn and amylase activity 
determined by standard procedures. Peak III was separ¬ 
















Figure 16. Comparative pH Activity Profiles of the 
Reaction Rates Catalyzed by Peak III 
Amylase Activity Fractionated by Isoelec¬ 
tric Focusing. 
Peak III from DEAE-cellulose column chromatography 
was subjected to IEF and the resulting active fractions 
® g 
with PI of 4.30 and 5.05 (fractions 6 and 8 respec¬ 
tively) were tested for activity over a range of pH. 
Aliquots were added to a series of complete reaction 
mixtures of various pH values and assayed according to 
« 
standard assay techniques. The buffer solutions used 
to establish the different pH values were all 0.025 M* 
Acetate buffer, pH 2.6 to 5*6; citrate-phosphate buffer 
pH 6.0 to 6.8; and Tris-HCl buffer, pH 7.2 to 8.45 were 
used and prepared according to Gomori (10). 
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Figure 17. Acrylamide Gel Electrophoresis Zymograms 
* of Peak III Amylase Activity Fractionated 
by Isoelectric Focusing. 
Peak III activity eluted from a DEAE-cellulose 
column was subjected to IEF as described under Mater¬ 
ials and Methods. Aliquots from the respective activ¬ 
ities fractionated by IEF were then analyzed by PAGE 
on 6% gels. The zymograms show the original source of 
the enzyme from EEAE-cellulose chromatography (Peak III 
is equivalent to #39), fraction 6 (PI=4.30) and frac¬ 
tion 8 (PI=5«05)* 
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resulted in a general concept that embryoless cereal grains 
have an absolute requirement for exogenous gibberellic acid 
for the production of a-araylase. 
Studies, based primarily on reaction product analysis 
and physicochemical data, have demonstrated that embry— 
ectomized, incubated maize kernels are capable of developing 
a-amylase activity in the absence of added gibberellic 
acid (9). 
The purification procedure described in this report 
has demonstrated that an enzyme extract prepared from 
incubated de-embryonated maize kernels can be resolved into 
four major amylase activities. Separation by DEAE-cellulose 
prepared as an anion exchanger is presumably due to charge 
differences among the enzymes since their acidic isoelectric 
pH's (4.3 to 5*05) (Figs 10 and 14) would account for their 
anion-like behavior in the elution system used (Tris-HCl, 
ph 8.0). 
Artifacts arising during isolation of the amylases 
have been reported (1) and enzyme differences resulting 
during fractionation should be analyzed keeping this 
possibility in mind. However, it is felt that the activ¬ 
ities separated are not artifacts on the basis of several 
lines of evidence# During purification the enzyme patterns 
monitored by PAGE at each stage of purification remained 
4 
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constant. The fact that each of the Individual activities, 
when rechromatographed on DEAE-cellulose, eluted as a 
single activity peak (Fig. 2) further substantiates that 
the anion-exchange process per se does not result in arti¬ 
facts. 
Proteolytic enzymes capable of modi^ing amylase during 
preparation and purification have been known to cause multi¬ 
plicity and instability of the amylase enzyme (17). This 
possibility was considered unlikely in the work reported 
here for a number of reasons. Firstly, it has been demon¬ 
strated that maize proteases arise from the scutellum (6) 
and our material was devoid of this tissue. Secondly, no 
protease was detected in the crude enzyme extract before 
purification, as assayed by the method of Yomo and Varner 
(36) (results not presented). Lastly, the respective DEAE- 
cellulose-purified activities shoved, excellent stability, 
and the activity and banding patterns on gels of the crude 
extract were stable for over two weeks at 0 to 4 C. It is 
conceivable that proteases were present in the tissue but 
were cold sensitive. This would explain their apparent 
absence since preparation of the enzyme was carried out 
at 0 to 4 C. 
The various properties of the three activities iso¬ 
lated by DEAE-cellulose chromatography are summarized in 
i 
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Tables 2 to 4. To critically evaluate the properties of 
the respective activities for comparative analysis the 
absolute activities were adjusted to give similar values* 
The evidence that activity I is a 0-amylase is substanti¬ 
ated by several analytical criteria: 
1) Low concentrations of HgCl2 (10“^ M) completely 
2+ 
inactivated the activity. The Hg inhibition was fully 
reversible with DTT treatment. In this vein, DTT as well 
as enhancing the activity by some 13%, can protect the 
2+ 
activity against Hg inactivation. These data demonstrate 
the involvement of sulfhydryl groups essential for activity 
as is described for 0-amylases (7, 30). 
2) Additions of calcium failed to protect the activity 
against heat inactivation (Fig. 8 and Table 4). 
3) Maltose is the only product of catalysis of a 
soluble starch substrate (Fig. 4). 
The data indicate that activity III is an a-amylase 
in the classical sense. 
1) It is relatively stable to HgCl2 treament, although 
29% of its activity is lost to such treatment. A partial 
loss in activity resulting from HgCl2 treatment is not 
uncommon for a-amylase. Pech et al. (20) have reported a 
14$ loss in activity for an a-amylase isolated from pear 
pulp, whereas a-amylase purified from broad bean lost 
103 
as much as 85$ of its activity from 10~^ M HgCl^ treat¬ 
ment (11). 
2) Ca2* ions (10~^ M) afforded complete protection 
against heat inactivation (70 C, 15 min)(Table 2). It is 
interesting to note that contrary to published reports 
describing the thermostability of a-amylases in barley 
(8, 29» 35)» our results show that the a-amylases from our 
maize tissue system not receiving exogenous additions of 
CaCl^ were heat labile (Table 2). Our findings concur with 
those of Bilderback (3) who recently described the a-amylases 
of barley aleurone layers as also being heat labile, 
3) Dialysis against EDTA (10~2 M) resulted in an irre¬ 
versible and complete loss in actvity (Fig. 4). 
4) The products of the activity result in a series of 
glucose polymers typical of a-amylase (Fig. 4). 
Activity II has tentatively been classified as an 
a-amylase mainly on the basis of its reaction products. 
It does however, exhibit some properties that are atypical 
of a-amylase activity, 
1) Maltose and maltotriose are early products of its 
enzymatic digestion of soluble starch, and further incubation 
results in increased amounts of these products along with 
the appearance of larger glucose polymers (Fig. 4). 
2) The activity is very sensitive to HgCl^ treat¬ 
ment; virtually all its activity is lost by such treatment 
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(Table 2). 
3) Sixty per cent of the activity is protected against 
heat inactivation by Ca2* ions (Table 2), 
4) Like activity III* activity II demonstrates a 
complete and irreversible loss in activity when dialyzed 
against EDTA (Table 3). 
That activity II results from a mixture of activities 
I and III is eliminated as a possibility by careful inspec¬ 
tion of the data. PAGE patterns of activity II are differ¬ 
ent from those of both I and III and co-electrophoresis 
of I and II (Fig. 3) verifies this difference. If activity 
II were contaminated by activity III then HgCl^ treatment 
would be expected to only inactivate activity II. However, 
all the activity is lost by such treatment (Table 2).,If 
contamination of activity II by I were the case, then it 
would be expected that Ca would not provide protection 
against heat inactivation but it does (Table 2). These facts 
along with the various other kinetic properties establish 
activity II as a separate enzymic entity, distinct from 
either of the two other activities. 
The effects of pH on the respective'activities resulted 
in different activity profiles (Fig. 5). The differences 
among the pH optimums as well as the pH stability ranges 
suggest inherent differences among the different proteins. 
I 
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The range and pH optimum value of activity I compare 
favorably with that of 3-amylase from sweet potato (2, 7). 
Activity III can be classed as an a-amylase based on its 
pH stability range and optimum pH activity when compared 
with similar data for barley malt a-amylase (2). Peak II 
activity deviates from either class of amylase in its low 
pH optimum (4,25) and its relatively narrow pH stability 
range of 3.5 to 5.4, The behavior of Peak II activity as 
a function of pH somewhat resembles that of the Ca-free 
amylases described by Stein and Fischer (27), However, in 
our system, additions of Ca to activity II failed to en¬ 
hance its activity (Table 2), Following isoelectric focusing 
a noticeable enhancement was observed (Table 5). 
The Arrhenius plots (Fig. 7) exhibit discontinuities 
similar to those found for the amylases of Triticale and 
its parent lines (15). The break in curvature has been 
discussed (30) but no adequate interpretation has been presented. 
The values of the Michaelis-Menten constants (Km) are 
usually reported to be lower for a-amylase than 3-amylaes 
for a particular species (2, 13). This would indicate 
a higher enzyme-substrate affinity by the a-amylases than 
the 3-amylases. By virtue of having the lowest Km value 
(2.2 x 10"3 g/ml), Peak II activity would exhibit the great- " 
i 
est action in starch hydrolysis of the three activities. 
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The 3-amylase, activity I. has a slightly higher Km value 
(5.0 x 1(T3 g/ml). Peak III activity deviates somewhat 
from what would be expected of a typical a-amylase in that 
its Km value (18.2 x 10"3 g/ml) is 3.5-fold greater than 
that of activity I. At first this seems to be incongruous 
. / 
with the fact that it is an a-amylase and also that its 
Km is higher than the 3-amylase residing in the same tissue. 
However, such a relationship is not uncommon for plant 
amylase systems. Pech et al. (20) have presented data show¬ 
ing an a-amylase with a Km 2-fold greater than either of 
the two 3-amylases extracted from the same tissue. A plaus¬ 
ible explanation is that the soluble starch substrate used 
to determine the Km values experimentally does not reflect 
the true behavior of the enzyme on its natural _in vivo 
substrate. 
Evidence for the occurrence of multiple forms of 
amylases having similar amino acid composition yet differ¬ 
ing only in electrophoretic behavior is becoming a common 
finding and the term isoenzyme is being used to describe them. 
Such electrophoretic variants have been reported for 3-amy- 
lases (8, 31, 32) as well as for a-amylases (8, 162^,2835). PAGE 
analysis of the respective activities has revealed the presence 
of electrophoretic variants within activities I and III 
(Figs. 13>and 17). Activity II appears to be a single 
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starch-degrading band with a relative mobility intermed¬ 
iate between activity I and activity III. Peak I contained 
two electrophoretic components with very slow mobilities. 
The slowest component, which barely moved onto the 6% gel 
was absent after activity I was rechromatographed onto a 
second DEAE-cellulose column. This would suggest that the 
slowest moving of the two components is due to size rather 
than charge difference. This idea is supported by the fact 
that IEF fractionation results in one activity peak with 
a single isoelectric pH of 4.55 (Table 6) and fails to 
separate the two. Reports that most 3-amylases are assoc¬ 
iated with some reserve protein (23) offers the explana¬ 
tion that the slowest migrating of the two bands is attached 
to some non-enzymatic material which would account for its 
large size and at the same time does not alter its charge 
and possibly enzymatic activity. 
Peak III activity demonstrates two very active starch¬ 
degrading electrophoretic variants, both displaying a great¬ 
er mobility than either activity I or activity II. However, 
unlike activity I, IEF fractionation is capable of resolving 
the components into two distinct and separate activity 
peaks, each consisting of a single starch-degrading band 
(Fig. 17). Further characterization of these two separated 
components revealed that they possess distinct properties 
I 
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from one another (Table 6), The fact that their physicochem¬ 
ical* kinetic and electrophoretic characteristics are in 
agreement with the properties exhibited by activity III 
suggests* at this time, that they reflect the true comple¬ 
ment of activity III and are not artifacts. 
Although the amino acid composition, amino acid se¬ 
quencing and genetic studies essential for isoenzyme class¬ 
ification are beyond the scope of this study, the electro¬ 
phoretic variants isolated from our maize system may later 
be borne out to be true isoenzymes as suggested in other 
maize systems (4, 25). 
The information presented clearly establishes the 
presence of both a- and 3-amylases in incubated, de-embryo- 
nated maize kernels. It is difficult to imagine that slight 
alteration in some exposed charge groups could result in 
different electrophoretic mobilities, which would cause 
the distinct and different physicochemical and kinetic 
properties exhibited by the respectvie activities. Although 
some modification of the respective enzyme proteins during 
isolation, resulting in electrophoretic variants within a 
particular activity cannot be totally dismissed as a possi¬ 
bility, it is suggested that the respective activities re¬ 
flect the true in situ enzyme complement. It is quite con¬ 
ceivable that the unique enzyme entities serve specific in 
functions, possibly acting in a sequenced or concerted 
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SUMMARY AND CONCLUSIONS 
As a result of this study the following findings 
have been obtained: 
A. Occurrence and Development of Amylase Activity. 
1. Amylase activity is demonstrated in embry—ectomized 
kernels of Zea mays as a function of incubation. 
2. Amylase development is also realized in endosperms 
and embryos dissected from germinating whole, intact 
kernels. 
3. Concomitant with the development of amylase activity 
in de-embryonated kernels is the appearance of a number 
of starch-degrading bands as evidenced by PACE. 
4. The development of amylase activity as well as the 
accompanying starch-degrading bands requires both RNA 
and protein synthesis as indicated by Actinomycin-D and 
cycloheximide studies. 
5. The development of amylase activity in the embry_ 
ectomized kernels is independent of the presence of an 
embryo or exogenous additions of gibberellic acid (GA^). 
6. Comparative studies of GA^-treated and non-treated 
kernels, based upon reaction product analysis and physi¬ 
cochemical data, indicates that the enzyme activities are 
quite similar for both control and treated tissue and that 
part of this activity is due to a-amylase activity. 
I 
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7. The effects of GA on the development of amylase 
3 
activity in the de-embryonated kernel is a quantitative 
one and seen only in an enhanced level of activity at the 
onset of germination. 
B. The Isolation and Characterization of the Amylase Activity. 
1. The amylase activity developed during incubation 
of embryoectomized kernels was resolved into three 
major amylase activities by DEAE-cellulose column chrom¬ 
atography, designated Peaks I, II and III in order of 
their elution using a linear gradient of 0.01 to 1.0 M 
Had. 
2. Peak I, a 0-amylase has the following properties: 
a. Maltose is the only product of its enzymatic 
hydrolysis of a soluble starch substrate. 
b. Two slow migrating bands are evidenced by PAGE. 
c. The activity is eluted from a DEAE-cellulose 
column at a NaCl concentration of 0.18 M. 
_c 
d. The activity is completely inactivated by 10 M 
HgCl2. 
e. Activity is partially enhanced (ca. 10$) by DTT 
(1 mM). 
f. DTT (1 mM) can both protect the activity against 
HgCl2 lELaciivaii°11 as well as completely recovering activ¬ 
ity lost from HgCl2 treatment. 
I 
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g. The activity is not afforded protection against 
++ -3 
heat inactivation (70 C, 15 min) by Ca (10 M). 
h. Its pH optimum is 4.7. 
i. Its pH activity range (greater than 50% activity) 
is pH 3.1 to 7.2. 
J. Its Km value is 5.0 X 10"^ g soluble starch per ml. 
k. Its isoelectric pH is 4.55. 
l. Its temperature optimum is 50 C. 
m. Its EQ value is 11.4 Kcal per mole at 10 to 20 C. 
cL 
3. Peak II, an cc-amylase has the following properties: 
a. Maltose, maltotriose and higher glucose oligomers 
are products of its enzymatic catalysis of a soluble starch 
substrate. 
b. A single, homogeneous starch-degrading band dis¬ 
playing a mobility intermediate between activity I and III 
is evidenced by PAGE. 
c. The activity is eluted from a EEAE-cellulose 
column at a NaCl concentration of 0.30 M. 
d. The activity is completely inactivated by 10~^ M 
HgCl . 
2 
e. DTT (1 mM) protects its activity against HgCl2 
inactivation. 
f. The activity demonstrates reversible inactivation- 
renaturation by HgC^-DTT treatment. 
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g. Ca** (10"^ M) affords it protection against heat 
inactivation (70 C, 15 min)* 
h. Its pH optimum is 4.25* 
i. Its pH activity range (greater than 50$ activity) 
is pH 3.5 to 5.4. 
-3 
Its Km value is 2.2 X 10 g soluble starch per ml. 
k. Its isoelectric pH is 4.95. 
l. Its temperature optimum is 35 C. 
m. Its E value is 16.0 Kcal per mole at 10 to 20 0. 
a 
4. Peak III, an ot-amylase has the following properties: 
a. Maltose, maltotriose and higher glucose oligomers 
are products of its enzymatic digestion of a soluble starch 
substrate. 
b. Two fast moving starch-degrading bands are revealed 
by PAGE. 
c. The activity is eluted from a DEAE-cellulose 
column at a NaCl concentration of 0.50 M. 
d. The activity is only partially inactivated by 10~^ ] 
HgCl2. 
e. DTT (1 mM) protects its activity against Hg012 
inactivation. 
f. The activity demonstrates reversible inactivation- 
renaturation by HgCl^-DTT treatment. 
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g. Oa++ (10-3 M) affords it protection against heat 
inactivation (70 0, 15 min). 
h. Its pH optimum is 5«15* 
i. Its pH activity range (greater than 50^ activity) 
is pH 3.5 to 6.8. 
3. Its Km value is 18.2 X 1 0~^ g soluble starch per ml. 
k. Its isoelectric pH is 4.30and 5«05« 
l. Its temperature optimum is 55* 0. 






Table la. Effects of Acetone Fractionation on Amylase 
Activity Extracted from De-embryonated Maize 
Kernels after 6 Days of Incubation 
Fraction Amylase Activity 
mg maltose/endosperm/min 
Crude 0.56 
After WSP Removal 0.50 
30% Acetone Precipitate 0.02 
50% Acetone Precipitate 0.27 
75% Acetone Precipitate 0.02 
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Table Ila. Effects of Dialysis on the Amylase Activity^ ^ 
of the 50% Acetone Fraction 
Treatment Amylase Activity 
mg maltose/endosperm/min 
Non-dialyzed 0.29 




Dialyzed 48 hr against 
10-2 M EDTA 
ITS—- 
0.00 
Amylase activity extracted from de-embryonated maize 
kernels after 6 days of incubation. 
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Table Ilia, Effects of Calcium (10*^ M CaClp) and Dithio- 
threitol (10 mM) on Recovery of Amylase Activ¬ 
ity^1 ^ in the 50% Acetone Fraction After Dialy¬ 
sis Against 10“2 M EDTA 
- 
Treatment Amylase Activity 
mg maltose/endosperm/min 
Hon-Dialyzed, 5 min prein¬ 
cubation with Ca 0.22 
Dialyzed, 5 min preincubation 
with Ca 0.04 
Non-dialyzed, 5 min prein¬ 
cubation with DTT 0.24 
Dialyzed, 5 min preincubation 
with DTT 0.05 
Dialyzed, no additions, over¬ 
night incubation 0.01 
Dialyzed, incubation over¬ 
night at 4 C with Ca 0.01 
Dialyzed, incubation over¬ 
night at 4 C with DTT 0.01 
Dialyzed, incubation over¬ 
night at 4 C with Ca 0.01 
and DTT 
Figure la. Effect of KBrO^ on the Development of 
Amylase Activity in Incubated, De-embryo- 
nated Maize Kernels and the Effect of Cyclo 
heximide on an Enzyme Extract Prepared from 
5-Day Incubated Tissue 
De-embryonated kernels were Incubated as controls 
( —— ■  ) or with 1 mM KBrO^ (-). Crude enzyme ex-. 
tracts were prepared at the times indicated and amylase 
activity determined as described under Materials and 
Methods. A crude enzyme extract prepared from 5-day Incu¬ 
bated tissue was divided Into two portions. One portion 
was incubated with cycloheximide (final concentration 
5 ug/ml) in the cold (4 C). The control was also kept in 
the cold (4 C). Over a period of 4 days and at 1-day inter¬ 
vals, aliquots of enzyme from the cycloheximide-treated 



























Figure 2a. Paper Chromatograms of the Time Course 
Production of Reaction Products from a 
Heat-treated and Untreated Amylase Ex¬ 
tract Prepared from 6-Day Incubated, De- 
embryonated Maize Kernels 
A crude enzyme extract was prepared from 6-day incu¬ 
bated kernels. An aliquot was heated at 70 C for 15 min. 
The heated sample and a non-heated control were added to 
complete reaction mixtures. Aliquots were removed after 10, 
20, and 30 min of incubation and boiled for 5 min to inacti¬ 
vate enzyme activity. The samples were then analyzed by paper 
chromatography as described under Materials and Methods. 
G«j=glucose standard; Gg^nialtose; NS=no substrate control; 
NE=no enzyme control. 
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Figure 3a. Polyacrylamide Gel Electrophoresis Zymograms 
of Amylase Activity from 6-Day Incubated, 
De-embryonated Maize Kernels: Effects of 
Hg2+, DTT and Ca2+ 
Aliquots of an amylase enzyme extract prepared from 
6-day incubated, de-embryonated maize kernels were treated 
with: l) Hg2* CIO"5 M HgCl2) for 13 min in ice or with Ca2+ 
(10-3 ^ Caci2); or 2) DTT (l mM) for 15 min in ice or with 
2+ -3 
Ca (10 M CaCl^). The treated samples were then subjec¬ 
ted to PAGE on Q% gels as described under Materials and 
Methods. 
6 DAYS 30 C 
SWEET 
Ho OTT 
Figure 4a, Paper Chromatograms of Reaction Products 
of Amylase Enzyme Extracts from Embryos 
and Endosperms Dissected from 6-Day incu¬ 
bated, Whole, Germinating Maize Kernels 
Aliquots of amylase activity extracted from embryos 
and endosperms dissected from 6-day incubated, whole, germ¬ 
inating maize kernels were added to complete reaction mix¬ 
tures. At 15, 30, and 60 min, aliquots were removed from the 
reaction mixtures and boiled for 5 min to inactivate en¬ 
zyme activity. Reaction products along with standards (Gj = 
glucose; G2=nialtose; G-^=maltotriose) were used for chromato¬ 
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Figure 5a. Paper Chromatograms of the Time Course 
- Production of Reaction Products by Amy¬ 
lase Activity Extracted from GA^-treated 
6-Pay Incubated, De-embryonated Maize 
Kernels 
Aliquots of amylase activity extracted from 6-day 
incubated, de-embryonated kernels treated with GA^ (l mM) 
along with non-GA^-treated controls were added to complete 
reaction mixtures. At 15* 30 and 60 min, aliquots were re¬ 
moved from the reaction mixtures and boiled for 5 min to 
inactivate enzyme activity. Reaction products along with 
standards (G2;=nialtose; G^=maltotriose) were used for chro¬ 
matographic analysis as described under Materials and Methods. 
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